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Supporting Information Text
Materials and Methods

Synthesis of [P666,14]+[BH4]_

The ionic liquid used in this study was synthesized from [Pgss,14]"[Cl]” by metathesis methods.(1-5) Sodium borohydride
(213462, 99%), chloroform (CX1059-1), and sodium hydroxide (795429, >97%) were acquired from MilliporeSigma (St. Louis,
MO). The salt [Psss,14]7[Cl]™ (>93%, CYPHOS® IL 101; CAS No. 258864-54-9) was a product of Cytec Canada Inc. (Cytec
is currently owned by Solvay, Houston, TX).

To initiate ionic liquid synthesis, 10.0g (19.3mmol) of [Pges,14] 7 [Cl]~ was introduced to a 250mL round bottom flask already
containing 100mL of chloroform, followed by stirring for 30 minutes. To this reaction mixture, 1.0 equivalent of the sodium salt
(NaBH4) was added, followed by the addition of 100mL of Millipore water (18.2MQcm). The reaction mixture was stirred for 2
hours, then allowed to stand for an additional 30 minutes for chloroform-water phase separation. Centrifugation was performed
to encourage phase disentanglement. The dense chloroform layer was washed with Millipore water five times to remove traces
of NaCl by-product residing within the organic layer. Following aqueous washes, the chloroform layer was taken and dried over
anhydrous MgSO4. The chloroform layer was filtered through sintered glass to remove the drying agent and the chloroform was
removed on a rotary evaporator to isolate the ionic liquid as a free-flowing liquid.

'H NMR, (500MHz, CDCls) spectra of [Pges,14] T [BH4] ", assigned as follows, validate a successful synthesis.

[Poss,14] T [BH4] ": 6 2.363 (m, 8H), 1.718 (s, 2H), 1.520 (m, 16 H), 1.325 (m, 14 H), 1.267 (m, 16H), 0.909 (t, 12H),
0.268 (s, 1H), 0.105 (s, 1H), —0.058 (s, 1H), —0.222 (s, 1H)

Wide-angle X-ray Scattering

The wide-angle X-ray scattering (WAXS) measurements were performed on the Xenocs Xeuss 3.0 SAXS instrument at the
Joint Institute for Advanced Materials. The sample was first dried under vacuum (< 107¢ bar) at 340K for 24 hours and then
loaded into a fused silica capillary tube with 1.5mm outside diameter and 0.01lmm wall thickness. The capillary tube was sealed
with a clear epoxy prior the measurement. The temperature of the sample was controlled with a Linkam HFSX350 stage to
within +0.1K using liquid nitrogen as a coolant. The scattering intensity was measured under vacuum in the g-range from 0.13
to 3.9 A=, The sample was initially measured at room temperature and then cooled to 195K (below T,) at 10K/min. The
sample was held at each temperature for 60s before collecting data over a 120s integration time. Measurements were taken at a
series of temperatures upon heating the sample from below T, back to room temperature.

Raman Spectroscopy

Raman measurements were performed using the Horiba LabRAM HR Evolution confocal Raman microscope with a 532nm
excitation laser at 50% power, a 50x LWD objective, over three 15s accumulations, and 1800 gratings per mm filter to achieve
0.5cm ™! resolution. The sample was first dried under vacuum (< 1076 bar) at 340K for 24 hours. A drop of the sample was
then loaded into a Linkam THMS600 temperature stage with silica windows to control the temperature to within £0.1K using
liquid nitrogen as the coolant, and the sample thickness was maintained at approximately 150um using Teflon spacers. The
sample was measured in the temperature range from 183K to 253K on cooling at 5K/min and heating at 10K/min pausing at
each temperature for the duration of the measurement. Variations between the cooling and heating data were minimal.

Broadband Dielectric Spectroscopy

Broadband dielectric spectroscopy (BDS) measurements were performed in the frequency range of 10™-10"Hz using a Novo-
control High Resolution Dielectric Alpha Analyzer with a Quatro liquid nitrogen temperature control system with +0.1K
temperature stability. The BDS measurements were carried out using gold-plated brass electrodes, 20mm in diameter, with
Teflon spacers approximately 150pm in thickness. The sample was dried under vacuum (< 107¢ bar) at 340K for 24 hours prior
to being loaded between the electrodes using a syringe and inserted into the cryostat. Prior to measurement, the samples were
annealed at 340K for more than 2 hours to ensure the spectra were not changing with time. Dielectric spectra were collected
in 5K intervals on cooling from 340K to 150K and then on heating back to 340K in 10K intervals. This temperature sweep
was repeated to ensure thermal reproducibility. For each temperature point, the sample took approximately 10 minutes for
the temperature to stabilize and 5 minutes to measure the full frequency range. For temporal dielectric measurements the
sample was prepared as described above. The sample was initially heated to 340K to equilibrate the high-temperature liquid
structure. The sample was then rapidly cooled at about 10K/min to 210K in between Ty and Trr. Once the temperature
stabilized measurements were performed from 107*-10"Hz every 360s up to lhr.

Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) measurements were conducted using a TA Instruments Q2000 DSC instrument. The
sample was weighed into an aluminum pan of predetermined weight using a Mettler Toledo microbalance with an accuracy of
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0.1pg and hermetically sealed before being loaded into the DCS instrument. An empty aluminum pan of the same type was
used as a reference. The sample was initially heated to 340K to erase its thermal history. The DSC data was measured at a
temperature ramp rate of 10K/min from 340K down to 150K and back up to 340K. This temperature sweep was cycled 3 times
to ensure thermal reproducibility of the data.

Supplementary Text

Analysis of WAXS data

The WAXS data was processed in an iterative fashion by first fitting the raw intensity (I(q)) data at 300K (Fig. S1) using two

Teubner-Strey functions(6), given by Eqn. S1, to describe the ¢ < 1A~" range combined with three Lorentzian functions (Eqn.

S2) to account for the g > 1A~1 range.

A’cosp — (q* — q3)sing
IR R

Srs(q) = 4w (1]

2
~y
Si(q) = Ip——VL—— 2
@ =t =y 2
The data from the fit was then normalized to give intensity values of order unity. After that, the pair-distribution function
(PDF), g(r), was calculated from the normalized fit data according to Eqn. S3.(7)

g(r) =1+ ! /wQ[S(Q)—llsin(qr)dq (3]

2721 po

The normalization of the I(q) was then adjusted so that the limit of g(r) as r — co approaches a value of 1. Once this criteria
was achieved for the I(q) at 300K, yielding a normalization factor of 163, the same factor was applied to the I(g) for the other
temperatures to obtain the structure factor, S(g). Density values necessary for the calculation of g(r) were assumed to be
linear as a function of temperature and were estimated based on correlations found in the literature.(8)

The S(g) data at each temperature were fit using the same set of functions described above and the fit data were used to
calculate g(r). From the fitting parameters in the Teubner-Strey function the periodicity, d, and the correlation length, £, can
be extracted from the relations in Eqn. S4 and S5.(6)

Am
&d

i-(3) -4 g

These relations were used to determine d and € of the polarity alternation structure (Fig. 1C and 1D in the main text) and the
charge alternation structure (Fig. S2A and S2B). Note that the periodicity of the charge alternation structure (dcn, Fig. S2A)
is independent of temperature while the correlation length (£cn, Fig. S2B) shows a discontinuity at T7r. This indicates that the
interionic distances, reflected by dcn, are governed primarily by Coulombic interactions and steric effects while &., is sensitive
to the morphology of the liquid. The increase in &, below T, reflects the change from a single-stranded morphology to a
double-stranded one. The peak positions from the Lorentzian fits, go, can be converted to real-space lengths using d = 27/qo.
This is specifically pertinent to analyzing the temperature dependence of the charge adjacency peak around 1.8A~! shown in
Fig. S2C. The length scale of the charge adjacency correlation are taken as a proxy of density correlations since this correlation
reflects the average distance from a reference ion to its nearest neighbor counterion. The length scale, d,q;, contracts almost
monotonically as the temperature of the [P666,14]+[BH4]7 IL is decreased from 300K to Ty ~198K. Similarly, the inverse cube of
dqq; increases almost monotonically across the same temperature range (Fig. S2D) indicating an increase in the overall density
of the IL. A slight kink in these quantities is observed around the TLr reflecting a slight decrease in density at the LLT. These
effects are small but they may indicate that the density of the system is affected by the structural reorganization accompanying
the liquid-liquid transition. This is unexpected since the density correlation is largely governed by the competition between
steric effects due to the long cationic alkyl chains and electrostatic attraction between the cation and anion, both of which are
not significantly altered by the specific morphology of the liquid, but primarily influenced by the energetics of the system.

An important quantity in understanding the structural reorganization at the LLT is the average coordination number, 14,
(Fig. 1E in the main text). This can be calculated from g(r) using Eqn. S6.(7)

A= [4]

T2
Ngy = 47rp0/ g(r)ridr [6]

T1

By taking r1 and r2 as the first and second minima in g(r), this equation can be used to calculate the coordination number of
the IL in the first shell corresponding to nearest neighbor ions. The quantity of n., can be regarded as a proxy for the bond
order parameter from the two-order parameter model of Tanaka.(9) Changes to this parameter within the temperature range
from the high temperature liquid down to the glass transition temperature are indications of an increase in the number of
locally-favored structures leading to the first order liquid-liquid transition observed in [Pege,14] T [BH4] ™.
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Analysis of Raman spectra

Particular regimes of the Raman spectra identified as reflective of the configuration of alkyl chains(10) were fit using a series
of Gaussian peaks in order to quantify peak positions, intensities, and widths. Regions of interest included the v(C — C)
region between 1065 and 1130cm ™", the 7(C Hz) region around 1300cm ™', the §(C'Hz) and 6,(CHj3) region between 1440
and 1458cm ™", and the v(CH,,3) region between 2800 and 3000cm™'. The v(C — C) region was normalized to the height of
the peak at 1050cm ™! prior to peak fitting. Peak fitting of the 0(CHy,3) region was performed without prior normalization.
The regions of the Raman spectra around 1300cm ™" and 1440-1458cm™" along with the ratio of the integrated areas of the
0.(CHs) to §(CHz) peaks are given in Fig. S3. Note in Fig. S3C, the ratio A(d.(CHs))/A6(CH2) decreases monotonically
with temperature down to the glass transition reflecting the slowing of local motions in the alkyl chains. The v(CHj/3) region
was normalized based on the integrated area between 2800 and 3000cm~!.

Analysis of Dielectric Spectra

The dielectric spectra of the [Pges,14] T [BHa] ™ ionic liquid obtained at various temperatures was shown in Figure 3 in the main
text. The frequency dependent dielectric data are well-described by a linear combination of empirical Havriliak-Negami (HN)
functions with the random barrier model (RBM) to account for ion transport and a power law function of the radial frequency,
w, to account for electrode polarization effects in the low-frequency portion of the spectra, given by Equation S7.(11)

n

* Ag;
= 3| mrnr]

i=1
go Te —A
gof___ Te A -

+50 [ln(l —i—ine)] tAw e 7]

The solid black lines in Figure 3 (main text) represent fits using Equation S7, where Ag; is the dielectric relaxation strength, 7;
is the relaxation time, f; is the symmetric stretching parameter, and -; is the asymmetric stretching parameter for the HN
functions in the first term. The second term represents the RBM where o is the DC conductivity, 7. is the characteristic ion
diffusion time, and &g is the vacuum permittivity. The third term accounts for the parasitic effects of electrode polarization
which can obscure dipolar relaxations in the sub-a region of the dielectric spectra due to accumulation of ions at the electrode
surface. A fractal power law is used to correct for the low-frequency electrode polarization contribution where A is the
pre-exponential factor and A\ describes the fractal nature of the phenomenon.(11-13) The final parameter, € is the limiting
high-frequency permittivity. The empirical HN function accounts for non-ideal dipolar relaxations with a distribution of
relaxation times associated with reorientation of dipoles in the alternating electric field while the RBM accounts for charge
transport in which charge carriers diffuse in a random, spatially heterogeneous potential energy landscape(11, 14-17). For
charge transport to occur, the ions must hop over the randomly distributed energy barriers. The analytical expression of the
RBM is obtained from the continuous-time-random-walk approximation assuming a non-interacting charge carrier isolated in
a random energy landscape.(18-21) The RBM combined with the appropriate number of HN functions and the power law
accounting for the low-frequency dispersion due to electrode polarization quantitatively describes the data as shown in Figure 3
(main text). The number of HN functions required to describe the data varied with the temperature of the sample. In general,
the structural dynamics of the ionic liquid are described by an HN function denoted with the subscript « for the primary
relaxation. The structural dynamics of the ionic liquid are coupled to the ion motion since this is a pure aprotic ionic material
such that wa & we, where w; = 1/7; is the relaxation rate (21). The coupling of the ion motion to the structural « relaxation
indicates that ion hops are accompanied by local reorientation of surrounding ions(14). The [P666714}+[BH4}* ionic liquid also
shows a secondary relaxation observed at high frequencies and low temperatures denoted as a beta process by the subscript
B, which is has been associated with librations of the alkyl chains on the cation(17) and will not be discussed further. An
additional HN function is necessary to fit the emergent slow, sub-a process that appears in the spectra of [Pees,14] T [BH4] ™ at
and below 220K.

The derivative representation of the imaginary part of the complex dielectric function, defined as e}, = (—m/2) [0’ /0 In(w)]
based on the Kramers-Kronig relation(11), plotted versus radial frequency, w, at various temperatures in Figure 3C in the
main text reveals the relaxation behavior without the strong contribution from DC ionic conductivity. This representation
allows for the observation of slow dynamics at frequencies below the characteristic ion diffusion rate. In this representation, the
primary alpha relaxation is observed as a symmetric peak with a peak maximum at wo = we. It is clear that a slower, sub-«
relaxation peak emerges at lower temperatures approaching the glass transition temperature for [Pees,14]" [BH4] ™. Observations
of an emergent sub-a relaxation in super-cooled IL systems have not been previously reported in the literature suggesting
a new type of behavior in ILs. This emergent sub-a process may be associated with the formation of polarizable interfaces
between the ion-rich domain and the alkyl-rich domain on the nanoscale as the dynamics of the system slow down near the
glass transition temperature. A slow dielectric relaxation in other IL systems has been previously reported and attributed to
interfacial polarization occurring at the boundary between polar and nonpolar regions of the liquid.(22-25) The assignment
of the sub-a relaxation to polarization of the interface separating ion-rich and alkyl-rich domains has been corroborated by
scattering and simulation studies showing aggregation of anions and cation headgroups into a polar region excluding the
alkyl chains into spatially distinct nonpolar domains.(25-39) However the slow dielectric relaxation is not always observed in
nanostructured ILs due to variations in the morphology and connectivity of the polar domain with cation structure and alkyl
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chain length.(24, 40) The emergence of this interfacial polarization for these systems may indicate a structural change in the
local environment as the ion motion slows upon cooling.

The procedure used to fit the dielectric data was as follows. First, the oo values were picked based on the plateau in o’ and
subsequently fixed in fitting attempts. The data was then fit across the entire frequency window in the &’ representation using
the real part of Equation S7 initialized with reasonable estimates of the parameters based on visual inspection. Once satisfactory
fits were obtained, the fit lines were converted to the derivative representation and compared to the derivative spectra computed
from the data itself. The fits were deemed accurate if they described well both the ¢’ and the €/, representations. The static
dielectric permittivity was calculated from the fitting results using e, = Acsup—a + Aea + Aeg + ”2;“ + €00, and contains
contributions from electronic, orientation, ionic, and interfacial polarization.(41)

Analysis of DSC data

The heat capacity data, Cp, shown in Figure 4C in the main text reveal an asymmetric, calorimetric peak in the [Pegs 14] T [BHa] ™
IL sample. This asymmetric peaks in heat capacity indicates that this ionic liquid undergoes a thermodynamic transition
above the glass transition temperature.

The calorimetric peaks observed for [Pegs,14] T [BH4] ™ suggest a first-order liquid-liquid transition similar to those reported for
other glass-forming systems.(42-45) Analysis of the configurational entropy, which can be calculated from the heat capacity, can
shed light on the thermodynamic behavior of these systems approaching the glass transition temperature from the supercooled
liquid state by invoking the theory of Adam and Gibbs (AG) based on cooperatively rearranging regions which establishes a
link between the temperature dependence of the configurational entropy, S¢, and the dynamics of the structural relaxation.(46—
49) In Figure 4D, the calculated configurational entropy, S., was plotted versus temperature. The temperature-dependent
configurational entropy was calculated from the heat capacity data using the formula given in Equation S8.(47)

Tfus
So(T) = ASfus — / O (T — O (T"Ydlog T’ 8]
T

In this equation, S. is the configurational entropy, Ty.s is the temperature of fusion, ASyfys = AHfys/Tfus is the entropy of
fusion, and 7" is the integration variable associated with the C,(T) data. Since these systems do not readily crystallize, the
heat capacity of the crystal state, C5"¥*", was approximated using the limiting low-temperature heat capacity of the glassy
state. The contribution from the entropy of fusion was accounted for by assuming the validity of a Vogel-Fulcher-Tammann
(VFT) Adam-Gibbs (AG) form of the temperature dependence of the configurational entropy given by Equation S9.(47)

Tk
Su(T) = S (1 - 7) 9
() L 9]
Here Ss is the limiting value of S.(T" — o0) and Tk is the Kauzmann temperature where S¢(7') becomes zero. The definition of
the VFT-AG form of the temperature dependence of S.(T') imposes the constraint Tx = Ty, where Tp is the Vogel temperature
from the VFT form of the temperature dependence of the relaxation rates given by Equations S10 and S11.(11, 47, 50)

1 —DTy
w(T) = T Woo €XP [T — To} [10]
—DTplog,g e
logo(w) = log g wee + Tofﬁow [11]

Here woo, D, and Ty are constant parameters with respect to temperature. The Vogel temperature, Ty, was obtained from
fits of the DC conductivity, oo, as a function of inverse temperature using Equation S11 along with the fact that oo o wa
to describe the temperature dependence of the DC conductivity shown in Figure 4A in the main text. Parameters obtained
from the VFT fits are given in Table S1 along with parameters from the VFT-AG fits to the S.(T) data. After numerical
integration of the heat capacity data, the Vogel temperatures along with Equation S9 were utilized to adjust the magnitude of
the configurational entropies so that Tx = Tp.

Although the high temperature configurational entropy data are well-described by the VFT-AG equation, shown as a dotted
line in the plot in Figure 4D in the main text, the data deviate from VFT-AG behavior near the glass transition temperature.
The configurational entropy falls off to a limiting low temperature value at higher temperatures than predicted by the VFT-AG
form of the temperature dependence. Since configurational entropy accounts for all but the vibrational contributions to the
entropy of the melt, this indicates that this IL undergoes a structural rearrangement that eliminates some of the accessible
microstates of the melt approaching 7,(49).

Error Analysis
Error bars displayed in the graphs were obtained from the standard deviations of the fitting parameters.

Matthew A. Harris, Thomas Kinsey, Durgesh V. Wagle, Gary A. Baker, Joshua Sangoro 50f 14
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Fig. S1. Raw I(q) data for [Pses,14] T [BH4] ™ at 300K.
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Fig. S2. Length scales of the charge alternation structure and the charge adjacency structure. A Charge alternation periodicity, d., versus inverse temperature. B
Charge alternation correlation length, £.;,. C Charge adjacency length, d,q;. D Inverse cube of d,q; serves as a proxy for density correlations. Solid and dotted lines
represent fits to the data to serve a guides for the eye.
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Fig. S3. Detail of Raman spectra. A Raman spectra of [P666,14]+[BH4]’ between 1280 and 1340cm
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Fig. S4. Temporal evolution of dielectric spectra of [P666,14]+[BH4]* at 210K measured over 1 hour. A Real part of the complex dielectric function, £’ versus radial
frequency, w. B Real part of the complex dielectric function, £’ versus time, t, at 10Hz. C Real part of the complex conductivity function, o’ versus radial frequency, w. D Real
part of the complex conductivity function, o’ versus time, t, at 10Hz.
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Fig. S5. Reversibility of DSC results. (A) Heat capacity of [P666,14]+[BH4]_ between 170K and 300K on cooling at 10K/min (black) and heating at 10K/min (red). (B) Heat
flow of [P566,14]+[BH4]’ between 170K and 300K on cooling at 10K/min (black) and heating at 10K/min (red).
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Table S1. Parameters from VFT fits to o¢(T") and VFT-AG fits to S.(T") including glass transition temperatures, T, and fragilities, m.

log 000 D To/K Soo/JK " mol =1 Ty/K Ty/K m
Liquid | 0.3440.01 14.5+0.1 128.1£0.5 329.9+0.1 128.1£0.1 184.3 46.9
Liquid Il -4.0+1.0 2.9+1.1 176.8+6.4 661.0+1.5 173.4+0.1 198.0 100.0
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