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ABSTRACT: In the present study, we have synthesized a room-temperature ionic liquid by mixing imidazolium-type zwitterions
with lithium bis(trifluoromethanesulfonyl)imide. We constructed nanostructured aqueous lithium-ion conductors having
hexagonal, lamellar, and bicontinuous cubic structures by the self-assembly of this amphiphilic ionic liquid. These nanostructured
lithium-ion conductors exhibited an assembled-structure dependent lithium-ion conduction behavior. The introduction of highly
ordered and well-defined liquid crystal structures into room-temperature ionic liquid radically changes the conduction

mechanism from diffusion to hopping.
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Bl INTRODUCTION

The rapid growth of the global economy and population arise a
fast-growing demand for electrical energy.1 There is a strong
need for renewable energy such as solar, wind, and tide energy,
as well as safe and reliable energy storage systems.” Aqueous
rechargeable lithium batteries (ARLBs), which use aqueous
electrolytes and lithium intercalation compounds as electro-
de(s) based on redox reactions, were invented in 1994 and have
attracted wide attention as a promising system because of their
low capital investment, high reliability, and good safety.”*
Recent breakthroughs clearly showed that ARLBs can exhibit
impressive cycling performance and superfast charge perform-
ance.”~” All the previous studies about ARLBs were confined to
improving the performance of the electrode materials.*”"
Aqueous electrolytes have higher conductivity, but solid or gel
electrolytes are preferred because aqueous electrolytes can leak
and have poorer fabrication properties.'"'* The introduction of
nanostructured ionic liquid crystals (ILCs) was a new approach
to improve these defects.'> Meanwhile, the safety issues arising
from the toxic and flammable organic electrolyte are also
avoided.

ILCs are a class of liquid crystalline compounds that are
composed only of ionic species, which are interesting
candidates for specific ion transportation. ILCs can be
considered as materials that combine the properties of liquid

-4 ACS Publications  © 2013 American Chemical Society

13312

crystals (LCs) and ionic liquids (ILs)."* ILs have been
considered as competitive solvents or electrolytes because of
their unique properties such as low melting temperature, flame
retardancy, negligible vapor pressure, and high ionic con-
ductivity.''® LCs have attracted increasing attention as
functional soft materials because of their highly ordered and
well-defined self-assembly structure.'” Taking all of this into
account, we believe that a suitable combination of the ILs and
the LCs is a promising candidate for a novel nanostructured
aqueous electrolyte that exhibits high lithium-ion conductivity
while avoiding the defects of liquid electrolytes.

There are a limited number of reports on the application of
ILC type ion-conduction materials. Hikmet and co-workers
studied lithium-ion conducting gel electrolytes containing low
molecular mass organic solvents."® Gin and co-workers have
achieved 3D nanostructured carbonate-based LC electrolytes
using lyotropic LC Cuby; systems.'” Ohno’s group developed
several ion conduction materials based on the principle of self-
organization of thermotropic LCs.**~** However, to the best of
our knowledge, no study has been reported on the preparation
of nanostructured aqueous lithium-ion conducting electrolytes.
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Our group has previously reported several ILC systems using
imidazolium or pyrrolidinium ILs.**~>° But in these kinds of
ILCs, the specific ion transportation was hindered by the
migration of counterions. To overcome the disadvantages of
conventional ILCs, such as their low target ion transport
number and lack of selectivity, researchers have proposed
zwitterions with covalently bonded cations and anions as a
candidate for specific ion transportation.*®

In the present study, we constructed nanostructured aqueous
lithium-ion conductors having hexagonal, lamellar and
bicontinuous cubic structures using imidazolium-based zwitter-
ions with lithium bis(trifluoromethanesulfonyl)imide. The
microstructures and phase behaviors of the obtained ILCs
were studied by polarized optical microscope (POM), small-
angle X-ray scatting (SAXS) and rheological measurement. The
ionic conductivities of ILCs were investigated by alternating
current impedance method. It is the first attempt to improve
the performance of aqueous electrolyte used in ARLBs by the
introduction of the ILCs. The topological structure constructed
in ILCs radically changes the conduction mechanism from
diffusion to hopping. We expect this work may shed light on
the potential of nanostructured aqueous lithium-ion conducting
ILCs electrolytes in practical applications.

B EXPERIMENTAL SECTION

Materials. Lithium bis(trifluoromethanesulfonyl)imide (NTf,Li,
98%), l-bromododecane (98%), 1,3-propanesultone(99%), and
imidazole (99%) were purchased from J&K Scientific Ltd. Sodium
hydroxide, acetone and tetrahydrofuran were purchased from Shanghai
Chemical Co. All the above materials were used without further
purification. Deionized water was used through the experiment.

Synthesis of 1-Dodecylimidazole. The 1-dodecylimidazole was
synthesized according to the procedures previously reported.”” 1-
bromododecane (24.92 g, 100 mmol) in tetrahydrofuran was added
dropwise into a solution of imidazole (6.81 g, 100 mmol) in NaOH
(50%) solution (8.8 g, 110 mmol). The mixture was refluxed for 3
days. Then tetrahydrofuran was removed by a rotary evaporator. The
residue was extracted with dichloromethane/water three times. The
produced 1-dodecylimidazole was dried under a vacuum at room
temperature to obtain a clear yellow oil (17.96 g, 76% yield).

Synthesis of 3-(1-Dodecyl-3-imidazolio)propanesulfonate-
(DIPS). 1-Dodecylimidazole (15.8 g, 0.067 mol) was dissolved in 80
mL of acetone. Then an equimolar amount of 1,3-propanesultone (8.2
g, 0.067 mol) in acetone (40 mL) was slowly added to the solution at
0 °C under a nitrogen atmosphere. The reaction mixture was then
stirred for S days at room temperature. After the reaction, the solution
was filtered and the zwitterionic salt (DIPS) was twice purified with
acetone. The DIPS was dried under a vacuum at room temperature
and a white powder was obtained (14.76 g, 61% yield). The purity of
the product was ascertained by the 'H NMR (300 MHz) in DMSO.?®
S (relative to TMS): 9.177 (1H, s), 7.800 (1H, t, ] = 1.8 Hz), 7.780
(1H,t, ] = 1.8 Hz), 4298 (t, 2H, J = 7.2 Hz), 4.143 (2H, t, ] = 7.2 Hz),
2392 (2H, t, ] = 7.2 Hz), 2.088 (2H, quint, ] = 7.2 Hz), 1.804 (2H,
m), 1.239 (18 H, m), 0.85 (t, 3H, ] = 6.6 Hz).

Preparation of Samples. The DIPS-NTf,Li aqueous mixture
samples were prepared by weighing all components at designed
compositions (in weight percent, wt%). DIPS and NTf,Li were mixed
in an equimolar ratio, and the water content varied from 20 to 80 wt
%. The mixtures were homogenized and equilibrated by repeated
vortex mixing and centrifugation. Then the samples were kept at 25 °C
for at least 1 month before further examination. During this incubation
process, all the samples were sealed in stoppered glass vials to avoid
evaporation.

Characterization. A polarized optical microscope (Olympus
BXS1p) equipped with cooled CCD (Evolution MPS.IRTV, Q-
imaging, Canada) was used to observe textures of the LC phase. The
temperature was controlled at 25 °C with a Linkam THSMEG600 liquid

crystal freezing and heating stage system with a TP94 temperature
controller (Linkam Scientific Instrument Ltd., UK). Small-angle X-ray
scattering (SAXS) measurements were carried out on the SAXSess
mc® X-ray scattering system (Anton Paar). SAXS measurement was
performed with Cu Ka radiation operating at 2 kW (50 kV and 40
mA). The distance between the sample and detector was about 264.5
mm and the wavelength of X-rays was 1.542 A. The exposure time was
600 s for all samples. Rheological measurements were performed with
a HAAKE RS 75 rheometer. A cone—plate sensor with a 20 mm
diameter and a lu cone angle was used. The cone—plate distance was
adjusted to 52 mm for all measurements. The temperature was kept at
25 °C. The ionic conductivities of the ILCs were investigated by the
alternating current impedance method in the frequency range of 100
mHz to 10 MHz with 0.01 mV oscillating voltage using an ITO cell
consisting of a pair of ITO glass electrodes and a Teflon spacer.

B RESULTS AND DISCUSSION

The chemical structure of the molecule designed in the present
study is shown in Scheme 1a. The amphiphilic zwitterion 3-(1-

Scheme 1. (a) Molecular Structure of Amphiphilic
Zwitterions 3-(1-Dodecyl-3-imidazolio)propanesulfonate
(DIPS); (b) Ion Structure of Lithium
Bis(trifluoromethanesulfonyl)imide (NTf,Li)

(a) (b) L
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dodecyl-3-imidazolio)propanesulfonate (DIPS) consists of two
incompatible parts: a hydrophilic imidazole zwitterionic part
and a hydrophobic alkyl chain part. DIPS is a hydrophobic salt
with high melting point. A room-temperature hydrophilic IL
was obtained by evaporation of a methanol solution of
equimolar DIPS and lithium bis(trifluoromethanesulfonyl)-
imide (NTf,Li). The decrease in the melting point and increase
in the solubility are explained by the hard—soft acid—base
principle.”* The preferential interactions between the soft
imidazole cation and the soft NTf, anion plays the key role in
the formation of DIPS-NTf,Li IL.*° It is generally accepted that
nanosegregation between the hydrophobic alkyl chain part and
hydrophilic zwitterion/NTf,Li part determines the formation of
topological structures in ILCs.*® To promote the nano-
segregation between hydrophobic and hydrophilic parts, an
appropriate amount of water was added to the DIPS-NTf,Li IL.
The temperature—composition phase diagram of DIPS-NTf,Li
aqueous mixture is shown in Figure la, together with the
corresponding POM images. As shown in the phase diagram,
the single-phase region consists of a wormlike micelle solution
phase (W,), an anisotropic hexagonal phase (H,), an isotropic
Ia3d bicontinuous cubic phase (V), and an anisotropic lamellar
phase (L,). With an increase in DIPS-NTf,Li content, the
phase transition of W, = H; — V, = L, was confirmed.
Figure 2 shows the SAXS patterns of the DIPS-NTf,Li
aqueous mixture system with increasing DIPS-NTf,Li content
collected at 25 °C. At low DIPS-NTf,Li content (20 wt %), two
broad scattering peaks were observed in the SAXS pattern.
Further rheological measurements demonstrated that the
viscoelastic behavior of this sample closely follow the Maxwell
behavior. As shown in Figure 3a, the solution shows a viscous
behavior at the low frequency region (G” > G’); as frequency
increases, G’ and G” increase and cross at a frequency w,,,
above which the solution shows a elastic behavior (G’ > G”).
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Figure 1. (a) Phase diagram of the DIPS-NTf,Li aqueous mixture.
The meaning of the symbols labeled in the diagram is as follows: W,
(worm-like micelle solution), H; (hexagonal phase), V, (Ia3d
bicontinuous cubic phase), L, (lamellar phase). (b—d) POM images
of 40, 65, and 80 wt % samples collected at 25 °C.
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Figure 2. SAXS patterns of the DIPS-NTf,Li aqueous mixture system
with increasing DIPS-NTT,Li content collected at 25 °C. Down arrows
in different colors correspond to scattering peaks of different phases.

Figure 3b shows the Cole—Cole plot from the data presented in
Figure 3a. The experimental points closely follow the Maxwell
behavior at low frequencies, whereas at high frequencies,

deviations from the semicircular Cole—Cole plots occur,
showing the nonreptative high-frequency effects. All of these
rheological patterns are in good accordance with the typical
rtheological behavior of wormlike micelles, indicating the
existence of a concentrated wormlike micelle solution
phase.** As the content of DIPS-NTf,Li increased to 30 wt
%, three scattering peaks corresponding to hexagonal columnar
structure and the broad peak observed in the W, phase appear
simultaneously, indicating the possible coexistence of a
concentrated worm-like micelle and a hexagonal columnar
structure.*> When the DIPS-NTf,Li content increased to 40
and 50 wt %, only three scattering peaks were observed. The
ratio of these three peaks is 1:4/3: 2, which are assigned to be
the (100), (110), and (200) reflection of the hexagonal
columnar structure. The fanlike texture shown in Figure 1b (40
wt %) is the typical character of the H, phase. An isotropic V,
phase is found when the DIPS-NTf,Li content is between 60
and 70 wt %. The POM images shown in Figure 1c (65 wt %)
displays only the background. Its SAXS pattern has eight
scattering peaks with relative ratios of
V/3:4/4:4/7:1/8:4/10:4/11:4/12:4/13, which can be indexed
as the (211), (220), (321), (400), (420), (332), (422), and
(510) reflections of a cubic structure with Ia3d symmetry.>* As
the content of DIPS-NTf,Li increased to 70 wt %, a phase
transition from the V, phase to the L, phase was observed. The
SAXS pattern of this sample consists of two group of scattering
peaks. The scattering peaks (marked with blue arrow) with
relative ratios of 3:\/ 4: \/ 10:\/ 11: were assigned to the
(211), (220), (420), and (332) reflections of the Ia3d structure
of the V; phase, while the scattering peaks (marked with red
arrow) with relative ratios of 1:2 were assigned to the (100)
and (200) reflections of the lamellar structure of the L, phase.
With a further increase in DIPS-NTfLi content, the Ia3d
structure disappeared, and the SAXS patterns of 75 and 80 wt
% gave only the reflections of the lamellar structure. The
crossed texture shown in Figure 1d is the typical texture for the
L, phase.

The phase behavior of DIPS-NT,Li aqueous mixture system
depends on not only the water content, but also the
temperature. Figure 4a, b and ¢ show the SAXS patterns of
the DIPS-NTf,Li aqueous mixture in H;, V; and L, phases
varying from S to 85 °C, respectively. For instance, the SAXS
patterns of S0 wt % gave only reflections of the hexagonal
columnar structure below 45 °C. When the temperature
increased from 45 to 85 °C, the scattering peak assigned to the
(110) reflection of hexagonal columnar structure disappeared
gradually while the reflections of cubic structure with Ia3d
symmetry was observed, demonstrating the coexistence of the
H, phase and V| phase. In the SAXS patterns of 65 wt %, a
phase transition from the V, phase to the L, phase was
observed when the temperature above 65 °C. In the SAXS
pattern of 75 wt % collected at 85 °C, disorder scattering peaks
were observed in the small angle region. We believe that these
disorder scattering peaks at high temperature region were
caused by the undissolved solid DIPS or NTf,Li due to the high
concentration. Figure 4d, e and f show the dynamic viscoelastic
behavior for the representative samples of H; phase (d), V;
phase (e) and L, phase (f) constructed in the DIPS-NTf,Li
aqueous mixture system. In the experimental frequency region,
all the samples show an elastic behavior (G'>G”). All of the
samples behave as shear-thinning fluids, and the viscosities of
the bicontinuous cubic phase are much higher than the
viscosities of the hexagonal phases and lamellar phases. Thus,

dx.doi.org/10.1021/am404288x | ACS Appl. Mater. Interfaces 2013, 5, 13312—13317



ACS Applied Materials & Interfaces

120
, gununs LY I m  Experimental Data
10° | (a) s e o (b) i
E [ ) —
g .® : ] ®eo00, - 100 |- Theoretical Data
iAAAAAA‘xAlAA
10' | o’ - A
E ° n A,
3 o
S o - ta T =
L [ ©
IS n N s o
D1k . A e =
o f A = ©
F | ]
[ . A
0'E = = G
'E' - o G"
| A |
10'2 AT | 210 aaaal 2oy a il a1 sl 0 L L L L L L L L L L L L L L L L L
10° 10" 10° 10' 10° 0 20 40 60 80 100 120 140 160 180
Frequency(Hz) G'(Pa)

Figure 3. (a) Storage modulus G’, loss modulus G”, and complex viscosity modulus versus the frequency of the wormlike micelle solution phase (20
wt %) at 25 °C; (b) cole—cole plots of the wormlike micelle solution phase.
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Figure 4. (a—c) SAXS spectra of 50, 65, and 75 wt % sample with the increasing temperature; (d—f) are oscillation shear behavior of 50 wt % sample
in hexagonal phase, 65 wt % sample in bicontinuous cubic phase, and 75 wt % sample in lamellar phase at 25 °C.

Table 1. Structural Parameters for the Liquid Crystalline Phases in the DIPS-NTf,Li Aqueous Mixture System®

Phase Sample DIPS  NTf,Li H,0 [0} agp M d, 2L dw
(wt%)  (wt%) (wt%) (wit%) (nm) (nm) (nm) (nm) (nm)
30 16.6 13.2 702 0.1061 7.4233 1.2693 ! 4.8847 '
H, 40 221 178 60.1 0.1458 6.1035 1.2237 : 3.6560 :
50 27.7 219 504 0.1876 52068 1.1840Y 2.8387v
60 33.1 26.7 40.2 0.2319 10.5458 0.7974 4 2.2167 :
Vi 65 36.2 289 349 0.2571 10.4513 0.8778 : 2.1754 :
70 386 30.0 314 0.2768 9.8759 0.8944: 2.0020¥
Lo 75 419 335 246 0.3079 3.7168 1.1442 4 2.5726 :
80 447 358 19.5 0.3340 3.5372 1.1816 : 2.3556V

“@ is the volume fraction of the hydrophobic long alkyl chain part; g, is the lattice parameters of the liquid crystalline phases; ry is the radius of
cylinder unit in the hexagonal structure; 2L is the hydrophobic part length in the Ia3d bicontinuous cubic structure; d is the thickness of
hydrophobic domain in the lamellar structure; dyy is the thickness of the water channel of the liquid crystalline phases.

13315 dx.doi.org/10.1021/am404288x | ACS Appl. Mater. Interfaces 2013, 5, 13312—13317



ACS Applied Materials & Interfaces

Research Article

the samples in bicontinuous cubic phase can be considered as
“hard gel” with better fabrication properties, which may be used
as electrolytes for aqueous rechargeable lithium batteries in
future.

The SAXS characterization of the LC phase is based on the
long-range order in the LC state, and the relevant structural
parameters of the different types of LC phases can be deduced
from the SAXS pattern.® All of the parameters calculated from
the SAXS results were obtained according to the equations and
theory shown in the Supporting Information, and the values are
listed in Table 1. It is clear that the positions of the first peak
shifts right with increasing concentration of DIPS-NTf,Lj,
which means that the lattice parameter a, decreases with the
increase in DIPS-NTf,Li concentration. In the H; phase, as the
DIPS-NTf,Li content increases, both the structural parameters
of the hydrophobic part (ry) and the hydrophilic part (dy)
decrease. In other words, the cylinderlike aggregates pack more
densely because of the fact that the hydrophobic chain of DIPS
shrinks more in the hexagonal region with a higher
concentration of DIPS-NTf,Li. However, a different tendency
was observed in V| and L, phases. The size of the hydrophobic
part (2L, di) becomes larger with an increasing amount of
DIPS-NTf,Li, whereas the water layer (dy;) becomes thinner.
This result suggests that at higher DIPS-NTf,Li concentration,
the hydrophobic chain of DIPS molecules cannot further shrink
and the distance between the soft imidazole cation and the soft
NTf, anion was compressed. As a consequence, the mean area
of surfactant head groups is decreased, which ultimately
increases the molecular packing parameter and induces the
phase transition.

The phase behavior of the DIPS-NTf,Li aqueous mixture
system was taken as a guideline for the study of lithium-ion
conduction behavior. We expect that the study of the
microsturcture in the liquid-crystalline phase can help us better
understand the lithium-ion conduction mechanism in the
system. To study the lithium-ion conduction behavior in the
DIPS-NTf,Li aqueous mixture system, we measured the ionic
conductivities of the mixtures by an alternating current
impedance method. Figure S shows the Arrhenius plots of
ionic conductivity of the DIPS-NTf,Li aqueous mixture in
different liquid crystal phases and DIPS-NTf,Li mixture
without water during the heating process. It is noteworthy
that the addition of water significantly enhances the ionic
conductivity. The ionic conductivity of the sample with 65 wt %
DIPS-NTf,Li in the V| phase is 4.54 X 107> S cm™ at 30 °C,
approximately 1000 times higher than that of the DIPS-NTH,Li
mixture without water. The ionic conductivities of the sample
with higher water content in the H, phase and the sample with
lower water content in the L, phase are almost the same at 30
°C, approximately 150 times higher than that of the DIPS-
NTf,Li mixture without water. This interesting phenomenon
indicates that the microstructure formed in the liquid crystalline
phase rather than the water content plays the chief role for
efficient lithium-ion conduction in the system. We infer that the
mixtures in H; and L, phases can form low-dimensional
hydrophilic channels between the columns or the layered
structures, which act as lithium-ion conductive pathways.>> But
these hydrophilic channels in H; and L, phases are not
continuous on the macroscopic scale. While in the
bicontinuous cubic phase, 3D continuous hydrophilic channels
can provide a macroscopically continuous lithium-ion con-
ductive pathway even without any orientation control because
of their 3D periodical topological structure.*® The schematic
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Figure S. Arrhenius plots of ionic conductivity of the DIPS-NTf,Li/
H,O mixture in different liquid crystal phases: sample with 50 wt %
DIPS-NTf,Li in H, phase (black squares); sample with 65 wt % DIPS-
NT£,Li in V, phase (red circles); sample with 80 wt % DIPS-NTH,Li in
L, phase (blue triangles); and DIPS-NTf,Li mixture without water
(pink triangles).

illustration of Ia3d bicontinuous cubic structure is shown in
Scheme 2. The hydrophilic zwitterion/NTf,Li part forms the
3D continuous ionophilic layers as pathways inducing the
hopping conduction of lithium ions.

Scheme 2. Schematic Illustration of Ia3d Bicontinuous
Cubic Structure; Red and the Blue Parts Represent the
Hydrophilic Imidazole Zwitterionic Headgroup and the
Hydrophobic Alkyl Chain, Respectively
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To better understand the lithium-ion conduction mechanism
in the system, Arrhenius plots of the ionic conductivity were
applied to calculate the activation energies of the systems. The
DIPS-NTf,Li mixture without water has an activation energy
Ea=27.76 kJ mol™". The activation energies of the sample with
50 wt % DIPS-NTHf,Li in the H; phase and the sample with 80
wt % DIPS-NT£,Li in the L, phase are 4.41 and 8.10 kJ mol ™/,
respectively. The decrease in activation energies is believed to
arise from the change of the conduction mechanism. It is
generally accepted that the lithium-ion conduction in the DIPS-
NTf,Li mixture mainly proceeds by the diffusion controlled
transport (vehicle) mechanism,”” whereas in the sample in the
H, phase and the sample in the L, phase, the conduction is
mostly dominated by the hopping (Grotthuss) mechanism, as a

dx.doi.org/10.1021/am404288x | ACS Appl. Mater. Interfaces 2013, 5, 13312—13317
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result of their ordered assemblies at the molecular level.*®

Another remarkable fact is that the lithium-ion conduction for
the sample with 65 wt % DIPS-NTf,Li in the V| phase exhibits
even lower activation energy being virtually free from the
influence of temperature, which is consistent with our
speculation about the influence of the microstructure on
efficient lithium-ion conduction.

B CONCLUSION

In summary, we have synthesized a room-temperature IL by
mixing imidazolium-type zwitterions with NTf,Li. Based on the
aggregation behaviors of this amphiphilic IL, we constructed
lithium-ion conductive ILCs having hexagonal, lamellar and
bicontinuous cubic structures. The introduction of highly
ordered and well-defined LCs structures into DIPS-NTf,Li IL
radically changes the conduction mechanism from diffusion to
hopping. Moreover, the formation of the bicontinuous cubic
phase further improves the lithium-ion conductivity, and can be
of paramount interest for ARLBs applications. We expect this
work may indicate the potential of nanostructured aqueous
lithium-ion conducting electrolytes in practical applications.

B ASSOCIATED CONTENT
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The theory for calculation of structural parameters of the liquid
crystalline phase. This material is available free of charge via the
Internet at http://pubs.acs.org.
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