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Abstract

In this work, the structure and dynamics of ionic liquid systems were investigated using
nuclear magnetic resonance (NMR) spectroscopy, differential scanning calorimetry (DSC), X-ray
scattering, and infrared (IR) spectroscopy. Two studies of the ionic liquid 1-butyl-3-
methylimidazolium tetrafluoroborate ([Im4i][BF4]) were performed. These are described in
Chapter 1. One entailed studying the rotation of dimethylbenzene (DMBz) analogues and the other
rotation and translational diffusion in mixtures of [Ima41][BF4] with the polar aprotic solvent
acetonitrile (ACN). A third study was conducted of the solid form of the ionic liquid
trimethyldecylammonium bis(perfluoroethylsulfonyl)imide ([Nio,111][beti]) or DTAB.

The first set of rotational diffusion studies analyzed solutions of 1,4-dimethylbenzene-dio
(DMBz), 1,4-dimethylpyridinium-d; hexafluorophosphate (DMPy), and p-tolunitrile-d; (CMBz)
in [Im41][BF4]. These measurements, combined with molecular dynamics (MD) simulations
performed by Chris Rumble, investigated the effects of molecular size, shape, and electrostatics
on rotational dynamics in ionic liquids. For the second project, T1 relaxation times were measured
in a set of mixtures ranging from neat [Im4;][BF4] to neat ACN with benzene as a solute. T
relaxation measurements were taken of [Im4i][BFs], ACN, and benzene to investigate the
rotational dynamics of a simple solutes as well as the solvent ions and the mixture was used to ask
if there are fundamental differences. The NMR measurements gave the average rotation times of
the [Ima41][BF4] + ACN mixture, which were used by Brian Conway as a point of comparison for
MD simulations.

The third study examines the solid phase of the ionic compound [Nio,111][beti] which forms
a unique optically clear solid near room temperature. Preliminary X-ray diffraction (XRD) and '*C
nuclear magnetic resonance (NMR) measurements indicated a superposition of order and

amorphous structure in the solid phase. Subsequent DSC, X-ray scattering, 2H NMR, and infrared
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spectroscopy data are used to attempt to assign the solid phase of DTAB to three possible

frameworks: plastic crystal, glacial state, and Frank-Kasper phases.
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Nomenclature used to denote ionic liquid components in this thesis: Ionic liquids are
designated according to cation type Im, Py, P, and N together with numbers indicating
the length of appended n-alkyl chains, 1, j, k, . Tonic liquids are labeled [cation][anion].
For example, [Ima41][BF4] is 1-butyl-3-methylimidazolium tetrafluoroborate.




Chapter 1: Rotation in Ionic Liquids

1.1 Introduction

Ionic liquids (ILs), defined as salts with melting temperatures at or below 100 °C, have
many favorable properties such as low vapor pressure, high thermal stability, and are generally
chemically inert!. ILs have a lot of potential for various applications because their viscosity,
density, and other physical properties are tunable through selection of the cation and anion pair or
through modification of the functional groups appended to these ions. For example, ILs tuned for
low viscosity could be used as green solvents for reactions® and battery electrolytes®. To properly
utilize ILs, and guide the best choice of cation and anion, a fundamental understanding of their
properties is necessary. As a means of probing the friction operating on solutes undergoing
reactions, we have studied rotational dynamics in the prototypical ionic liquid 1-butyl-3-

methylimidazolium tetrafluoroborate ([Ima41][BF4]) and its mixtures with a polar protic solvent.



1.2 Solute Rotation in Ionic Liquids

I contributed to two projects that focused on the rotational diffusion of solutes in the ionic
liquid [Im41][BF4]. A combination of molecular dynamics (MD) simulations and NMR T;
relaxation experiments were conducted to elucidate the molecular origins of friction on rotational
motion in ionic liquids. These two studies are now published as Refs 4 and 5.

In the MD simulations, rotations of molecules can be directly observed in model systems.
In such a model the cations, anions, and solute molecules are objects with defined properties such
as size, shape, and partial charge. These molecules are initially equilibrated, and then classical
trajectory data is collected over hundreds of nanoseconds. To characterize rotations from these
trajectories in an average manner appropriate for comparison to experiment, rotational time

correlation functions (RTCFs), are calculated.

1

Crat = 5(0(0) - 2(D))* =5 (1)

Tot 2
In this expression i is the direction of some particular bond within a molecule and the brackets
indicate averaging over like molecules and time. The RTCF characterizes the timescales of
different motions involved in rotation®. It decays from 1 at t = 0 down to 0 at long times. By fitting
this decay, time constants for the rotational motion can be extracted.

NMR can experimentally access the rotations of molecules through observation of nuclear
spin relaxation. For an NMR active nucleus, the rotation of the molecule is weakly coupled to the
relaxation of the nuclear spins. There are multiple mechanisms for the relaxation of nuclear spins
such as dipole-dipole interactions, chemical shift anisotropy, and quadrupolar interactions. Here I
will discuss the case of deuterium spin relaxation, in which case, the quadrupolar interactions

dominate the relaxation of a deuterium spin characterized by a spin-lattice relaxation time T;’.

Tt =2 (14 303) 12 (j(wo) + 4 2w0)) @)



Values of ng and y?, the asymmetry parameter and the quadrupole coupling constant respectively,
were calculated for each species studied using electronic structure calculations®. T; relates to
rotation occurring at the Larmor frequency, (wo) and its overtone (2mo) because j(®) in Eq 2 is the

spectral density of rotational motion.

j) = [7 2 (t) cos(wt) dt 3)
Seen in Equation 3, the spectral density function is the Fourier transform of the RTCF, the function
output by the MD simulations. By measuring the T relaxation time, we have a point of comparison
to validate the MD simulations. There is an additional result seen in Equation 3. The spectral

density function is frequency dependent. The cos(wt) term can be reduced to a constant if the value

ot does not change for the range of the RTCF. In this case the spectral density terms reduce to the

c@

rot

integral rotation time (Trot), i.€. Tror = j(0) = fooo (t)dt. This simplification provides

Tt =2 (1 4+ 203) 421r00 When 700000 < 1. )
in which there is an inverse relationship between the T; time and twr. The region where the
condition 7,.,;wy < 1 holds is termed the extreme narrowing limit. This region provides for easy
comparison between the MD simulation and experiment, but the frequency dependent behavior is
lost, yielding only an averaged rotation time. The two rotational diffusion projects I worked on

used 2H Ti measurements within the extreme narrowing limit to simplify interpretation of the

NMR data.



1.3 Solute Dynamics in an Ionic Liquid

A. Experimental:

The three probe molecules investigated with NMR are
shown in Figure 1.1. Nonpolar dimethylbenzene-dio (DMBz),
in blue, and dipolar cyanomethylbenzene-d; (CMBz), in green,
were purchased (CDN Isotopes, 99 atom%). Charged
dimethylpyridinium-d; was synthesized by Chris Rumble,
detailed in Ref 4. Samples were prepared containing ~50 mM
probe in [Ima41][BF4]. The ionic liquid was initially placed under
vacuum until the water content was <100 ppm, the probe was
added, and the solution was transferred to an NMR tube and
flame-sealed to prevent moisture from reentering the system.

An Avance III-HD 500 MHz NMR equipped with a

Prodigy BBO cryoprobe was used for T measurements. *H

DMBz

Figure 1.1: Probe molecules used for
studying effect of charge on
rotational diffusion. Reprinted with
permission from Ref. 4.

NMR measurements of liquid samples employed the lock channel of the instrument, which meant

that weaker and longer excitation pulses than ideal were required. The T experiment uses two

pulses: a 180° pulse to invert the net magnetization, and a 90° pulse to allow for signal detection

after the evolution period. The pulse duration was calibrated through a series of single pulse

experiments of varying duration using the ‘popt” command.

The pulse sequence used was a deuterium inversion—recovery pulse sequence spanning 4

orders of magnitude or more in recovery time for the determination of longitudinal relaxation

times. The amplitude of the deuterium signal was fit to an exponential recovery curve and 3

replicates were used. Recycle delays were set at 5 seconds for complete recovery of magnetization.




The temperature calibration is covered in Sec. A.1. The arrow on each molecule in Figure 1.1 gives

the vector accessed through the NMR experiment, i.e. the aromatic deuterons for each probe.

B. Results and Discussion:

Figure 1.2 shows the
rotation times as temperature
was varied from 297-338 K.
DMBz has the fastest
rotation, followed by DMPy,
and finally CMBz.
Intuitively, one might expect
the order from fastest to
slowest to be DMBz, CMBz,
then DMPy, i.e. ordering

solutes  from  nonpolar,

T,ot VS. Temperature

300
250 LE
®
200
——— .
[Fp]
o
— 150 » ®
<]
= o
100 .
o o
™
° ®
50 ® ® ® CMBz| 1
L & DMBz
® DMPy

0
295 300 305 310 315 320 325 330 335 340

Temperature (K)

Figure 1.2: Rotation times calculated from the T, relaxation measurements
versus temperature.

dipolar, to charged. Instead we observe ordering of nonpolar, charged, to dipolar. This reflects the

subtle differences in the interactions of localized solute charges with the solvent ions. DMPy has

the greatest total interaction with the solvent because it has a net charge. The local environment of

DMPy is a shell consisting predominantly of anions. CMBz however has a dipole that is localized

to the cyano-group. The local environment consists of both positively and negatively charged areas

oriented around the molecule. Rotation of the molecules requires a larger local environmental

response in CMBz than DMPy, leading to a slower rotation time for CMBz than DMPy.




1.4 Solute and Solvent Dynamics in an IL and Acetonitrile Mixture

A. Introduction:

The second system I studied was the mixture of [Ima4;][BF4] with acetonitrile (ACN). The
high viscosities of many ILs limit their utility as solvents for synthesis and as electrolytes in
batteries, because it limits the rate of reactant and charge transport. One option to overcome this
limitation is to mix the IL with a less viscous conventional solvent, enhancing the fluidity of the
ionic liquid, but often still retaining many of the IL’s desirable properties. The binary mixture
[Im41][BF4] + ACN is completely miscible at room temperature®, making it a useful prototype of
an ionic + dipolar aprotic liquid mixture with which to investigate how rotational and translational
motion change with changing composition and viscosity. Brian Conway performed MD
simulations of the solvent mixtures from neat ACN to neat [Ima4;][BF4] with and without benzene

as a solute. I performed complimentary NMR T; measurements; this work is detailed in Ref 5.
B. Experimental:

Deuterated ACN

was purchased in small

ampules from Cambridge \ /\/\
N N
Isotope Laboratories and \ /

opened just before sample

F B un11|F

TN

Figure 1.3: [Im4][BF4] with the most acidic hydrogen deuterated.

preparation to minimize

water contamination. [Im4;][BF4] was deuterated at the single site shown in Figure 1.3 following
a procedure of a previous group member, Anne Kaintz®. The C(2) proton of the imidazolium ring
is the most acidic proton and was found to exchange when [Im4][BF4] is refluxed in 9:1 D,O: H>O

for eight hours. Deuteration was check via 'H NMR by measuring the relative depletion of peak



intensity before and after deuteration. This process achieved ~20% deuteration of the C2 carbon
and no detectable deuteration at the other carbon positions. The ionic liquid was then heated to
~50 °C and dried under vacuum until the water content was <100 ppm as measured by Karl Fisher.
The deuterated ACN was purchased in ampules from Cambridge Isotope Laboratories and opened
just before sample preparation to minimize water content. The components were weighed
separately and combined into NMR tubes, which were then flame-sealed to prevent evaporation
of ACN and uptake of water by the ionic liquid.

Because the relaxation times of acetonitrile, benzene, and the imidazolium cation were
typically very different, separate sets of delay times were used in this experiment to capture the

behavior of each component.

C. Results and Discussion:

The comparison between

experimental T; times (triangles) and

®
08,

simulated values (circles) is shown in

I IIIII"I
1 IIIIIIII

Figure 1.4. Acetonitrile T times are in

Spin Relaxation Time 7', /s
2

blue, the [Ima]* cation times in red, E- a““gu_‘ G‘EI
and the benzene solute times in I .

102 £ E
purple. The ordering of the three - P E

| 1 I 1 1

00 02 04 06 08 1.0
smallest, followed by benzene, and ILL. Mole Fraction X

molecules follows size, as ACN is the

. +
the largest and slowest is the [Im4] Figure 1.4: T times for ACN (blue), Benzene (purple), and [Ima;]*
(red). Comparison between experimental data (triangles) and MD
cation. Benzene was chosen as a | simulations (circles). Reprinted with permission from Ref. 5.

solute because it provided a natural extension of previous work by Chris Rumble and Anne Kaintz



using MD simulations and NMR T relaxation measurements in [Ima4;1][BF4]%. It is interesting that
there is an approximate power law relationship between the Ti times and the viscosity of the
solution. One could expect for a mixture between two dissimilar solvents that as the composition
changes, the solvents do not mix completely; instead the solvents would form into regions with a
higher concentration of one solvent as is observed in mixtures of ionic liquids with water’. These
T1 data do not appear to indicate anything but nearly ideal mixing. T times measured using NMR
for the two solvents as well as the solute of benzene agree reasonably with the simulated times
over the span of the sampled viscosities, which provides confidence in the choice of parameters
used to model the mixture.

Closely related to rotation times are translational diffusion rates. Using the simulation
trajectories, translational diffusion coefficients for the two solvents and benzene were also
calculated and compared with pulsed field gradient (PFG) NMR measurements. Calculation of the

diffusion coefficients (D) from the MD simulations followed Equation 5.
1. d (o S 2
D= gtll_gloa((r(t) —7(0))") 5
It is straightforward to follow the positions of molecules as a function of time, #(t), from which
the squared displacement of each molecule can be tracked. Averaging this quantity over all

molecules of a given type provides mean squared displacement ((?(t) - ?(O))Z). At short times,

the mean squared displacement does not track diffusion because translational motion is dominated
by small scale vibrational and librational motions of the molecules moving and impacting against
adjacent molecules. Only at long times does the slope of the mean squared displacement over time,

reflect the diffusion coefficient of the molecules.



The PFG NMR
S, =2
== ==
technique, shown in e —== g rf g
D> m<, D> e
Figure 1.5%, uses a = =~ = —
. /2 0/2 T 62
different approach than . — .
H A =
T relaxation to measure
the translational
diffusion coefficient. At
i echo
the start of the PFG signal
Figure 1.5: PFG NMR experiment with a z-gradient magnetic field. Grey boxes are
experiment, the net | gradientpulses and white boxes are radio frequency pulses. Reprinted with permission
from Ref. 8.

magnetization is aligned

with the external magnetic field, or along the vertical z-axis in Figure 1.5. A radio frequency (r.f.)
pulse is applied that rotates the net magnetization 90°, into the xy-plane. This is followed by a
gradient pulse to induce a gradient of the magnetic field with respect to the z-axis, essentially
encoding the position of each spin along the z-axis. As the local magnetic field increases, it causes
the transverse magnetization to precess at higher frequencies, as seen at the top of Figure 1.5
following the first “g” pulse. After a wait time (A), a second matching gradient pulse reverse the
effects of the first gradient. If no diffusion occurred along the z-axis, this second pulse would
completely reverse the effects of the first gradient pulse, causing no signal attenuation. If there is
diffusion, the resulting NMR signal is attenuated in proportion to the distance moved. The

relationship between the initial signal area (I(0)) and the detected attenuated signal area (I(g)) is

provided by Equation 6.

T

1(9) = 1@exp {D(r89)* (8 -3 -3)} (6)

3
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D is the diffusion coefficient, the value we use to compare between experiment and simulation.
During the PFG experiment, there are two gradient pulses with a wait time between them (A). The
gradient pulse duration (J), and the gradient pulse intensity (g) can be varied to determine the
diffusion coefficient. The gyromagnetic ratio (y) is dependent on the nucleus selected. Gradient
pulses cause electrical eddy currents that add artifacts and noise to the spectrum, 7 is the wait time
to allow these eddy currents to relax before any subsequent pulse is applied. For our experiments,
A and 6 were held constant as g was varied to characterize the attenuation due to diffusion.

The comparison between MD simulated diffusion coefficients (red) and experimentally
measured values (blue) is shown in Figure 1.6. The separation between the data is not a constant
factor as there is a larger separation between experiment and simulation for the low viscosity data
than the high viscosity data. The simulation data agrees with previously published diffusion
coefficients published by Liang et al.'® It has been determined the NMR diffusion coefficients
were incorrectly measured as the gradient strength (g) was incorrectly reported during these

measurements. Section A.2 details the steps taken to calibrate the PFG NMR experiment. Future

PFG NMR 1.00E+01 °

measurements

should utilize an 1.00E+00

Diffusion Coefficient(m”2/s)/107-11

[ ]

external standard .

) . .
for scaling of the 1.00E-01 .
diffusion
coefficients to a 1.00E-02

1.0E-01 1.0E+00 1.0E+01 1.0E402 1.0E+03
Viscosity (cP)

literature value. Figure 1.6: Comparison of experimental (blue) and simulation (red) diffusion coefficients of

benzene in the [Im4;][BF4]/ACN mixture samples.




Chapter 2 [N1o,111][beti] a Distinctive Ionic Solid

2.1 Introduction

11

The structure of DTAB is seen in Figure 2.1. DTAB is an ionic liquid with a melting

temperature of 31 °C, making it an optically clear solid at room temperature. No other ionic liquid

known forms an optically clear room-temperature solid of this sort; ionic liquids tend to form

glasses at much lower temperatures or polycrystalline solids near room temperature. When the

DTAB anion is substituted for [N(SO2CF3).], ([Tf2N]) also shown in Figure 2.1, the ionic liquid

persists in the liquid phase to a much lower temperature, forming
a crystalline solid near -30 °C!!. The unique nature of the solid
phase of DTAB spurred initial nuclear magnetic resonance
(NMR) and X-ray diffraction (XRD) experiments that were used

when deciding on a framework for further analyses of DTAB.

A. Preliminary NMR Data:

\G\? [N10,111]+
/\/\/\/\/\
AN

QNP QNP

FyC~ \b d/ ~CF3

Tf,N
(Liquid)

CzF5/ \b d/ \Cst

beti
(Solid)

Figure 2.1: Structures of DTAB and

[Nign][THN].

Figure 2.2 shows preliminary '3C NMR spectra of DTAB collected by a former student

Bernie O’Hare in
13C NMR Spectra

2009. The top

spectrum is at 20 °C,
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Figure 2.2: 3C spectra of [No,111][beti] at 20 °C (solid) and 50 °C (liquid).
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its sharp well-separated resonances, is typical of a spectrum of a liquid of small molecules. The
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spectrum of the solid shows much broader peaks, but many of the peaks are still resolved. Solid-
state systems typically produce much broader and less resolved spectra because molecular level
motions are no longer fast on the NMR timescale!?. The fact that the '*C spectrum of DTAB in the
solid-state shows some resolution indicates the presence of motional narrowing greater than is
typical in a glassy or crystalline solid. Such motional narrowing is the result of molecular motions
within the solid phase of DTAB that I’ve attempted to characterize using NMR, as described in

Sec 2.5.
B. Preliminary X-ray Data:

Several years ago, Edward Castner Jr. our collaborator at Rutgers University, took the X-
ray diffraction (XRD) data shown in Figure 2.3. DTAB is plotted in red and [Nio,111][Tf2N] in
black. These XRD spectra were taken at room temperature where DTAB is a solid and
[Nio,111][Tf2N] a liquid. The spectra show the scattered intensity as a function of momentum
transfer, g, defined by q = (4n/A)sin® where A is the x-ray wavelength and 6 is the scattering angle.

Large q corresponds to intramolecular distances while small q are intermolecular distances.

Narrow peaks in the XRD spectrum indicate a highly \
ordered structure like that expected for a crystal. Broad N
- Room Temp XRD
peaks indicate amorphous structure characteristic of a N
liquid or glass. Both DTAB and [Nio,111][ Tf2N] have broad ji
2 ‘ \ ,\\ e
intramolecular peaks. For lower ¢, the intermolecular 1 F’L 'L/\/ uil

T T
0 2 4 8 8 10
alk’y

Figure 2.3: XRD spectra of DTAB (red)

.. Lo and [Ny,111][Tf2N] (black) both spectra
peaks of DTAB are sharper and more distinct, indicating | (ayen at 25 °C. Unpublished results.

scale, [N10,111][Tf2N] has additional broad peaks while the

some degree of crystallinity in the solid phase of DTAB. It is unusual that both crystalline and

amorphous structure are present in the solid phase.
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The preliminary NMR and X-ray data suggest that the solid phase formed by DTAB is

unusual. The research in this chapter is aimed to explore that nature of the solid in more detail.



14

2.2 Types of Solids

Solid phases of molecular compounds range from glassy to crystalline solids. A crystalline
solid is: “a crystal structure is a regular arrangement of atoms of molecules.'*” Additionally, the
average position of an atom within the crystal structure does not change with time. A crystalline
solid is well ordered and it takes substantial energy is usually required to change a crystalline solid
to a liquid. On the other end is the glassy solid. Glassy solids are amorphous solids where the
arrangement of atoms or molecules is random and disordered, like a liquid. A glass to liquid state
transition requires less energy than a crystal to liquid transition because there is less ordering in
the solid phase.

The preliminary data from XRD indicates that DTAB is not simply an amorphous solid or
an ordered solid, but a superposition of both. The NMR data indicates that there is significant
motion occurring into the solid phase of DTAB. In this thesis, I will discuss three different types
of solids: plastic crystals, glacial solids, and Frank-Kasper phases as possible frameworks for
understanding the structure and dynamics of DTAB. The general features of these solids are

described below.
A. Plastic Crystals:

The classification “plastic crystal” stems from the fact that some organic crystals,
particularly those comprised of quasi-spherical molecules, have high plasticity'* rather than being
brittle, as is the case for “normal” organic crystals. Plastic crystals possess long-range translational
order but are orientationally disordered. Typically, a plastic crystalline phase is not the only solid
phase formed by a compound. Plastic crystals are often observed to undergo multiple solid-solid
phase transition; they form crystalline solids at lowest temperatures and different rotational

motions become less restricted as temperature is increased. The enhancement of orientational and
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rotational motions as temperature is increased can be a sudden process, reflected in a phase change,
or a gradual process. In either case, the entropy changes from plastic crystal to liquid or between
two plastic crystalline phases are smaller in magnitude than the entropy change between a
crystalline solid and a liquid. For this reason, Timmerman proposed one metric for determining
whether a compound is a plastic crystal is that it possesses a low entropy of fusion (<20 J K™! mol
s,

The dynamics within a plastic crystal are often complex. Cyclohexane, as discussed in a
paper by McGrath et al. provides an entry point'¢. Cyclohexane forms a single plastic crystalline
phase between -87 °C and its melting point, 6 °C. McGrath and Weiss considered three
mechanisms for the dynamics within cyclohexane: rotational, translational, and conformational.
They measured 'H, '*C, and *H lineshapes as a function of temperature. The different nuclei
experienced changes to their lineshapes at different temperatures within the plastic crystalline
phase of cyclohexane. Through an analysis of the different relaxation mechanisms involved for
the different nuclei, McGrath et al. determined time scales for the motions of cyclohexane, most
notably rotation of molecules occurring on ps-ns time scales.

More recent examples of plastic crystals include organic ionic plastic crystals (OIPCs).
OIPCs are ionic compounds made from imidazolium!’, phosphonium'®, and ammonium®® cations
usually combined with smaller inorganic anions that form plastic crystals in the solid state. Jin et
al. studied the OIPC [Pi224][PF6]®. Differential scanning calorimetry (DSC) showed this
compound to undergo 4 solid-solid phase transitions between the well-ordered crystal and the
liquid. Jin ef al. used NMR lineshape measurements to examine the rotational motion within the
solid phases. An advantage of studying the compound ([Pi224][PFs]) was that hydrogen and

fluorine are only contained in the cation and anion respectively, which enabled Jin et al. to observe
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Figure 2.4: NMR linewidths as a function of temperature for 'H (a) and '°F in the plastic crystal [P1224][PFe]
Reprinted with permission from Ref. 20.

their motions independently. They found that some of the phase changes produced abrupt
linewidth changes in either the hydrogen or fluorine peaks, as shown in Figure 2.4. This behavior
indicates motion of the cation or anion are primarily involved in each transition. Jin et al. observed
four solid phases of [P1224][PF¢] labeled I-IV where 1V is the lowest temperature solid phase. In
the NMR spectra, there are two changes observed. At low temperatures, there is a broad peak that
gradually narrows as the temperature increases. Additionally, a narrow peak appears on top of the
broad peak, indicating a growing fraction of [P1224][PF¢] is in a less restricted environment. Phase
IV shows a gradual decrease in the 'H and '°F linewidth. Jin ef al. connect this to rotation of the
methyl and ethyl groups of the cation and isotropic tumbling of the anion respectively. The
transition to phase III produces linewidth jumps for both nuclei. This is attributed to rotation of
the cation around an individual axis. Phase II produces a dramatic change in the fluorine linewidth
while the change to hydrogen is less dramatic. Jin et al. connect this to diffusive motion of the
anion while the cation rotation is gradually becoming less restricted. The final solid-solid phase
transition to phase I does not have significant change in the fluorine lineshape as it is already
diffusive motion. The broad peak of the hydrogen disappears as the cation also undergoes diffusive

motion. NMR lineshape was used by Jin ef al. to obtain a detailed understanding of molecular
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motions in an ionic compound. Similar measurements will be useful to characterize the molecular

motions of DTAB.

B. Glacial States:

Glacial states consist of nanocrystallites 0K TR ——
isothermal aging at 220 K|
B
imbedded in an amorphous phase. These states 0061 2000 t=?4 E
t=14" | g
o — t=3¢' | 8
may be formed when crystallization occurs near | 5 .o0st 2
IS ]
the glass transition, creating conditions in which g'_ o) é
Zz z
only nm-scale crystallites can be formed before % 05
g ol .
w
further growth of the crystallites is halted. ? 5; inlilont -l
= il aman shift (cm™)
£
Glacial states have only been clearly identified | &
001k |
in a small number of systems. One of the most
supercocled liquid
0.000 —— glacial state
studied examples is triphenyl phosphite (TPP). R
0 50 100 150 200 250 300
Guinet et al. used low-frequency Raman spectra (a) Raman shift (cm™)

Figure 2.5: Low-frequency Raman of TPP as a
supercooled liquid, a glacial state, and a crystal. The
time dependence of the Raman spectrum is shown in
forms under specific temperature protocols. | the inset. Reprinted with permission from Ref. 21.

to characterize the glacial state formed by TPP

One method of forming the glacial state of TPP is to hold it isothermally at 220 K, ~20 K above
the glass transition temperature. Figure 2.5, from the paper by Guinet ef al., demonstrates the
mixed nature of the glacial state?!. The glacial state spectrum contains both broad and sharp peaks,
indicative of the amorphous and crystalline phases respectively. Additionally, the inset shows
development of the crystalline peaks over the course of an hour as the glacial state develops from
isothermal aging.

The only ionic compound so far reported to form a glacial phase is [N4111][Tf2N] by Faria

et al.?’> [N4111][Tf2N] formed the glacial phase through two temperature protocols: rapid cooling
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followed by slow heating, and isothermal aging. Faria et al. used Raman spectroscopy to
characterize the conformations of the Tf2N™ anion, which can adopt into cisoid and transoid forms.
If the solid formed were a single crystal, only a single form of the anion is expected. The solid
phase formed by [Na4111][Tf2N] through the isothermal aging method primarily adopted the cisoid

conformation, but the transoid conformation was present as well.
C. Frank-Kasper Phases:

Frank and Kasper originally observed FK phases in metal alloys*’. Elemental metals
typically adopt body-centered cubic (BCC) or face-centered cubic (FCC) structures, which have 2
and 4 atoms per unit cell, respectively. In contrast, many metal alloys composed of 2 or more
elements adopt much more complex structures having anywhere from 12 up to 30 atoms per unit
cell. Driving the formation of these more complex FK structures is the desire to achieve topological
close packing (TCP) where the structures that have TCP have exclusively tetrahedral interstices'>.
Packing in this manner can achieve a lower total energy than the other arrangements when the
main interactions involve central potentials.

In addition to alloys, FK phases have recently been found to occur in systems of simple
aqueous surfactants®* and neat diblock copolymers>°. The surfactants and diblock copolymers form
into micelles that then organize into FK phases. In both the surfactant and the diblock copolymer
systems, FK phases were detected using small-angle X-ray scattering (SAXS) analysis. In the
SAXS spectra, numerous peaks are visible due to the large number of distinct sites in the unit cell.
In the case of the diblock copolymer, the FK phases were formed via isothermal aging like the
formation of the glacial state.

The three solid phases described above present comparisons for the analysis of DTAB.

Plastic crystals, glacial states, and FK phases all form in systems composed of molecules similar
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to [Nio,111][beti]. The spectroscopic techniques that are discussed in the remainder of this chapter
include differential scanning calorimetry (DSC), X-ray scattering, ’H NMR, and infrared (IR)
spectroscopy. DSC identifies the phase transitions and the temperatures of interest to help guide
subsequent experiments with the other techniques. The X-ray scattering data is used in both plastic
crystals and FK phases to examine the degree of ordering and identify the structure of the solid.
NMR lineshapes have been used in plastic crystals to examine the dynamics within the solid and
identify transitions in the motion. Infrared spectroscopy is used like Raman spectroscopy to
examine the possibility of a glacial state. Isothermal aging is a key component in the formation of

both the glacial state and the FK phases and is used in the NMR, X-ray, and IR analyses.
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2.3 Differential Scanning Calorimetry

A. Introduction:

DSC measurements provide a starting point for the characterization of DTAB. DSC
compares the amount of heat required to change the temperature of a compound at a constant rate
against a reference with a known heat capacity. Here and in almost all cases the reference is simply
an empty pan. When the compound of interest undergoes a phase transformation, the amount of
heat required differs from the reference. An endothermic phase transition requires more heat
flowing to the sample to change the temperature at the same rate as the reference, whereas in an
exothermic phase transition heat flows out of the sample. Another type of transition is a glass
transition, signaled by an inflection point in the DSC curve, indicating an abrupt change in the heat
capacity of the sample. Data can either be collected upon heating or cooling the sample, but a

complete experiment includes both the heating and cooling curves.

Figure 2.6 shows a representative DSC curve of o2 [
. 00 |
the ionic compound [Nipi1][Tf2N], taken from a w0 0.2
. : 2 . Z 04f
previous Maroncelli group paper™. The baseline heat | o6l
c =L
flow is negative, indicating that it is a heating curve. g 081 ]
-1.0 + 4
T L
There is an inflection point below 200 K, indicative of a l2r ]
-14 - -
1 i 1 i 1 " 1 L
glass transition. The temperature of this transition (Ty) is 150 200 250 300 350

Temperature 7/ K
taken at the inflection point. At 225 K there is an | Figure 2.6: DSC heating curve for
[Nip311][T2N] from reference 16. Heating
exothermic peak indicative of crystallization of the | curve shows glass transition Tg, cold
crystallization peak T, and fusion peak

sample. The two important pieces of information about ;g*s' Reprinted with permission from Ref.

such a peak are the temperature of the transition (Tcr),

and the enthalpy of the transition. T is determined from the onset of the transition. For this heating
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curve, T¢r is measured from the left side of the peak at the point where the left slope intersects the
baseline. The enthalpy of the transition is the area under the curve multiplied by the calorimetric
constant, which is instrument dependent. The third peak near 280 K is an endothermic peak
indicative of fusion of the sample. The temperature of fusion (Trs) and enthalpy of fusion are
determined in the same way as for the crystallization peak.

As illustrated in Figure 2.6, the temperature at which a sample crystallizes may be far
removed from the temperature at which it melts. This hysteresis is a kinetic effect in samples that
are readily supercooled. The extent of the hysteresis depends on the rate of heating and cooling. A
slower rate should reduce the size of the hysteresis. For a more complete understanding of the

behavior of a compound, multiple rates of temperature ramping should be used.
B. Experimental:

Data was collected on a TA Instruments Q2000 Modulated Differential Scanning
Calorimeter. The pans used to hold the samples and serve as a reference were “Tzero” aluminum
pans. Compounds studied were [Nio,111][beti], [Nio,111][Tf2N], and [Prio,1][beti]. Samples were
melted prior to placing them in the sample pan. The heating/cooling protocol brought the sample
to 60 °C then cooled to -90 °C at 10 °C/min. The sample was then heated back to 60 °C at 10
°C/min. Table 2.1 contains the sample weights. Only single DSC scans of [Nio,111][Tf2N] and
[Prio,1][beti] collected to date. DTAB scans are similar to scans obtained by our collaborators Jim
Wishart and Bratoljub Milosavljevic.

C. Results:

DSC curves of DTAB and two other ionic liquids, [Prio,1][beti] and [Nio,111][Tf2N], used
for comparison are shown in Figure 2.7. Transition data are compiled in Table 2.1. DTAB ([N-

10,111][beti]) (red curve) has a relatively simple DSC scan. There is a single peak in the cooling run,
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Figure 2.7: DSC scans of [Nio,i111][beti] (red), [Prio,1][beti] (blue), and [Nig,111][T2N] (black).

indicating a liquid to solid phase transition. The heating run shows a single peak for the solid-to-
liquid transition. There is a hysteresis of about 18 °C where DTAB is in a supercooled liquid state.
The ionic liquid [Nio,111][Tf2N] (black curve) has a few more features in the DSC scan. In the

cooling curve there is no crystallization peak, just a change in heat flow near -45 °C which is not

Table 2.1: Calorimetric Data

Ionic liquid T °C AcH Trus °C  AusH AfusS Sample weight
kJ mol! kJ mol! kJmol!'K!' (mg)
[N1o,111][beti] 12 6.37 30 7.94 0.026 5.7
[Prio,1][beti] — — — — — 6.8
[Nio,1][TEN]' -57,-45 4.69,18.00 16 38.71 0.13 7.6

Ter, AcH, Trus, and AgysH are the temperatures and enthalpies of crystallization and fusion. 'The crystallization
temperatures for [Nio,111][Tf2N] were measured upon heating whereas those of [Nio,111][beti] were measured
upon cooling.

consistent with crystallization at lower temperature upon heating. On the heating curve there are
two exothermic peaks indicative of cold crystallization. Upon further heating a melting peak is

observed.
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[Nio,111][Tf2N] provides a point of comparison with Mizuhata et al. as they examined a
series of [Nn.111][Tf:N] ionic liquids via DSC'!. My values for the melting point and entropy of
fusion (AwsS) are 16 °C and 0.13 kJ mol! K! respectively, which are comparable with values
reported by Mizuhata et al. of 23 °C and 0.16 kJ mol™! K'!. In examining where their DSC curve
intersects the baseline for [Nio,111][Tf2N], their melting point is also ~16 °C. Comparison of the
cold crystallization peaks shows that on subsequent heating/cooling cycles, there is a single cold
crystallization peak. Multiple peaks are likely due to the sample not being uniform within the
aluminum pan and thus separate portions of the sample undergo the phase changes at slightly
different temperatures.

The third ionic liquid [Pr1o,1][beti] does not have apparent melting or crystallization peaks.
Jin et al. report that there is a glass transition near -80 °C in [Pri01][Tf2N]%°.

DTAB sits between the other two ionic liquids in terms of the phase changes. It has
crystallization and melting peaks unlike [Prio,1][beti], but the entropy of these transitions are much
lower than those seen in [Nio,111][Tf2N]. The AfsS is 0.026 kJ mol! K™ for DTAB which is five
times less than for [N1o.111][Tf2N] at 0.13 kJ mol! K™!. The difference in magnitude between the
two compounds indicates a difference in the degree of ordering in the solid phase. The larger the
entropy difference, the higher the degree of ordering in the solid phase. DTAB has a lower degree
of ordering than [Nio111][Tf:N] by a significant margin. The value of 0.026 kJ mol! K™ is
comparable to Timmerman’s observation about plastic crystals (<0.02 kJ mol! K')!>. The DTAB
DSC results are consistent with measurements taken by our collaborators Jim Wishart and
Bratoljub Milosavljevic. More measurements are being performed. Additional experiments
examining the scan rate are planned as one of the key identifiers of the glacial phase is a variation

in the solid formed based on scan rate??.
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2.4 X-ray Scattering

A. Introduction:

Multiple techniques fall under the term X-ray scattering. All are used to characterize the
spatial structure of materials. A beam of monochromatic X-rays interacts with a sample. The X-
rays are scattered by the electrons in the sample and the measured interference pattern yields
information about the sample’s atomic structure. Sharp, well defined peaks indicate a more well-
ordered system, whereas broad and less intense peaks indicate a more disordered system.
Scattering at small angles/scatter vectors q reflect intermolecular distances and large q reflects
intramolecular distances. Lattice spacings d are related to q by d =2n/q.

To examine the possibility that the DTAB solid should be viewed as a type of FK phase, a
glacial state, or a plastic crystalline phase, markers in the X-ray scattering data are required. In the
case of FK phases a significant time dependence is often found for their formation. For example,
Lee et al. observed that block copolymer systems that form FK phases first order into a body-
centered cubic (BCC) structure during the first 5 hours of isothermal aging?. As aging continued,
the BCC peaks decay away and are slowly replaced by the final FK phase. It is unclear what
timescale to expect for similar changes in the DTAB system.

The formation of a glacial state should also be accompanied by a time evolution in the data.
Faria’s work on the glacial state of [N4,111][Tf2N] does not include X-ray scattering, but the Raman
data indicates formation of nanocrystallites during isothermal aging that should be visible by
XRD?2. These nanocrystallites occur over a range of sizes and are enmbedded in an amorphous
phase, producing a complicated X-ray scattering pattern. The X-ray studies of the glacial state
formed by TPP show a q* dependence at q < 0.04 A! (d>150 nm) due to the presence of a

distribution of nanocrystal sizes?’.
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Plastic crystals are typically more crystalline than a glacial state or FK phase. X-ray
scattering experiments reflect this, as the data can be fit to crystal structures'®. One common aspect
of plastic crystals is that multiple solid-solid phase transitions are often visible as peaks in the
DSC. The different solid phases organize into different crystal structures!’, which is reflected in
different sets of peaks at different temperatures in the X-ray scattering data.

X-ray scattering experiments were performed using a Xenocs Xeuss 2.0 instrument,
equipped with microfocus sealed tube (copper) with an X-ray wavelength of 1.54 A (50 kV, 0.6
mA). Scattering data were collected under vacuum. Samples were prepared in 1 mm diameter
quartz capillaries and sealed with epoxy. Two instrumental setups were used to obtain different
scattering vector (q) ranges. For each setup the overall q range observable depended on the number

of images collected. These ranges are given in Table 2.2. Exposure times were 300 seconds except

Table 2.2: X-ray Scattering Ranges
Small angle X-ray scattering (SAXS) | Wide angle X-ray scattering (WAXS)

Min. q (A) Max.q(A!") Images | Min.q(A") Max.q(A!) Images

0.008 0.236 1 0.10 1.68 1
0.008 0.400 2 0.10 2.60 2
0.008 0.480 3 0.10 2.90 3

the 60 °C and the initial 17 °C SAXS spectra of DTAB, which had an exposure time of 60 seconds
per image. The 2D images were converted into one-dimensional plots of scattering intensity I(q)

(arbitrary units) versus q by integrating semicircular portions of the images.
B. Results:

Four ionic compounds were examined in X-ray scattering experiments: [Nio,111][beti]
(DTAB), [Nio,111][Tf2N], [Prio,1][beti], and [Nio,111][Br]. The bromide was added as a reference
because it is a high-melting solid expected to have a well-ordered crystal structure similar to the

structure published for the homologous compound [Ni2,111][Br]?.
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Figure 2.8: Crystal structure of [Ni2,111][Br]. Reprinted with permission from

Figure 2.9 compares the X-ray scattering patterns of the four compounds. The [Nio,111][Br]

data were recorded at 25 °C, because it has a melting point above 200 °C. The [Nio,111][Tf2N] and

[Prio,1][beti] data were taken at -60 °C, which is below T of the [Tf2N] ionic liquid (-57 °C).

[Prio,1][beti] is likely a
supercooled liquid at this
temperature. [Nio,111][beti]
data were taken at 25 °C
after an isothermal aging
process, discussed in Sec.
C, and having been cooled
to low temperature. The

[Nio,111][Br] spectrum, in
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Figure 2.9: WAXS spectra of [Nig,111][Br] (green), [Nio,11:1][Tf2N] (black),
[Nio.111][beti] (red), and [Prio ][beti] (blue).
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green, shows peaks that are sharp and well defined. It is expected that the crystal structure of
[N10,111][Br] should be similar to that of the known structure of [Ni2,111][Br], with the main
difference being that the size of nonpolar domains would be slightly smaller. Initial attempts to fit
the unit cell parameters to the scattering pattern observed for [Nio111][Br] yielded several
possibilities similar to the [Ni2,111][Br] case.

There is a clear difference between the powder patterns shown by [Nio,111][Br] (green),
[Nio,111][Tf2N] (black), and the two beti compounds (red and blue). Both the [Tfo:N] and [Br]
compounds have sharp, well defined peaks at regular intervals, indicating a high degree of order.
[Nio,111][beti] (DTAB) in red has a much higher number of overlapping peaks, indicating there is
order, but the order is not regular throughout the sample. [Prio,1][beti] in blue on the other hand
shows only 3 broad peaks common to most ionic liquids®’. These broad peaks indicate [Prio.1][beti]
is either a liquid or a glass and remains largely disordered at -60 °C.

These observations agree with the DSC results in that the much larger fusion entropy of
[Nio,111][Tf2N] compared to DTAB suggests a much more ordered solid. While sharp peaks in the
DTAB spectrum indicate substantial order, the broad underlying scattering indicates substantial
amorphous character as well.

C. Time Evolution of DTAB

Figure 2.10 includes multiple temperatures and a time evolution of DTAB to elucidate the
formation of the solid. The top panel shows data recorded using the WAXS setup and the bottom
panel the SAXS setup. The 60 °C data (dark red) displays three broad peaks characteristic of ionic
liquids and similar to the [Prio,1][beti] data in Figure 2.9 (blue). This was the starting point for the
set of experiments; DTAB in the liquid state. Similar broad peaks are visible in the 25 °C (red) and

initial 17 °C (orange) spectra. The initial 17 °C spectrum includes small sharper peaks, the most
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visible forming near 0.6 A™! in the WAXS data. The remainder of the data was collected while
holding temperature at 17 °C. The 15, 20, and 30-minute timepoints show growth of sharp,
relatively isolated peaks indicated by arrows as well as growth of areas of overlapping peaks
throughout the q region scanned by WAXS. Interestingly, the peaks indicated by arrows in the
WAXS data disappear after the 30-minute timepoint, indicating changes in the lengthscale of the
structure forming within DTAB and could reflect a different organizational structure. The

overlapping sets of peaks, particularly the grouping around 0.3 A’!, tend to continue growing in
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Figure 2.10: Isothermal aging of Beti X-ray scattering data. WAXS (top) and SAXS (bottom).
Arrows indicate peaks that appear at early timepoints and decay away.
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intensity to the 60 and 65-minute timepoints. This is more expected for a liquid changing to a solid,
the peaks grow in intensity as a larger percentage of the compound adopts the final structure.
There are similar results in the SAXS data where peaks labeled with arrows grow in over
the first 30 minutes but disappear before the 60-minute mark. SAXS also provides a rough estimate
of the lattice spacings within DTAB as d =2n/q. The smallest q peaks are approximately at 0.21,
0.25, and 0.26 A, which reflect distances of ~30, 25, and 24 A respectively. 30 A is a reasonable
size for a single micelle but is smaller than a supermolecular ordering of micelles as is expected in
FK phases. No small angle scattering was observed below the peak at 0.21 A™'. Thus, the q*

dependence expected in the formation of a distribution of crystallite sizes is not observed.
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2.5 *HNMR

A. Introduction

In Chapter 1, I discussed the use of deuterium NMR T; measurements to aid in
understanding rotational motion in ionic liquids*. Deuterium NMR is also a useful tool in
understanding motion in solid systems®’, but there is much less freedom of motion in solids.
Interactions that are typically averaged in a liquid, such as electric quadrupolar and magnetic

dipolar interactions, now depend on molecular orientation within the solid'2. This causes a

substantial broadening of the spectrum. T ' T
Deuterium has a nucleus of spin 1 and
s0, in the presence of a magnetic field,
1] Il
has three energy levels corresponding R s 1
(v=vg)/ kHz

to spin quantum numbers m: = +1, 0, Figure 2.11: Illustration of the orientation of the carbon-

deuterium bond against the magnetic field (left) and the Pake
and -1 and two single-quantum | doublet (right). Reprinted with permission from Ref. 31.

transitions among these levels.

The shape of the 2H spectrum indicates the nature of the solid phase. A crystalline solid
comprised of immobile molecules all oriented in a similar manner has two Lorentzian peaks from
the two allowed transitions. A powder sample also has two peaks, but each peak is broadly

131, This pattern is due to the various alignments different crystals

distributed as seen in Figure 2.1
adopt relative to the instrument’s magnetic field. This line shape is called a Pake pattern, and is
typical of powder samples®2. The splitting of the peaks in the Pake pattern is significant. In the
absence of molecular motion, The splitting between the outermost shoulders in a Pake doublet is

3Cq/2 and the splitting between the prominent inner peaks is 3Cq/4, where Cq is the quadrupolar

coupling constant’.
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Solid-state NMR measurements were taken on an Avance-III-HD solid state 500 MHz
instrument with a quadruple-tuned 4-mm cross polarized magic angle spinning (CPMAS) probe.
Samples were paced in 4 mm rotor tubes with a Vespel cap and held immobile as the NMR spectra
were collected. Spectra were recorded using a spin-echo pulse sequence, which involves two R.F.
pulses to rotate the net magnetization. Two pulses are used due to the rapid decay of the net
magnetization in the solid state. The initial 90° pulse rotates the net magnetization into the
detectable window, followed by a 30 us delay time before the second 90° pulse which refocuses
the net magnetization. The magnetization refocuses based on the delay time and acquisition can
collect the refocused echo, enhancing the signal in comparison to a single pulse probe experiment.
1024 scans were used for all spectra, and a sweep width of 156 kHz was used to observe the entire
width of the Pake pattern, resulting in a spectrum taking 200 seconds to collect. Details on the
calibration of experimental parameters are discussed in Sec. A.3. The sample used for 2H lineshape
measurements, [Nio,111][beti]-d21 (DTAB-d21) contained a perdeuterated decyl tail. It was
synthesized by Gary Baker at the University of Missouri.

B. Results

Presented in Figure 2.12a are 2H solid state spectra of DTAB-d2; at 10, 17, and 40 °C.
Calorimetric data indicate that the liquid-to-solid transition of DTAB occurs between 10 and 17
°C upon cooling, so two of the spectra are of the liquid state and one of the solid state. The peak
in the solid spectrum (10 °C) is significantly broader, as seen in the normalized spectra of Figure
2.12b. Recent work on the ionic compound [P1224][PFs] provides some insight into the significance
of the broadening upon solidification. The findings of Jin et al. are discussed in detail in sec. 2.3%°.
Jin et al. demonstrated that large-scale changes in the linewidths of 'H or '°F peaks at the phase

changes of [P1224][PF¢] reflect changes in the molecular motion of the cation or anion respectively.



In DTAB, a broadening of the deuterium
peak reflects the fact that cation motion,
specifically motion of the deuterated decyl
tail, is markedly slowed as a result of
solidification.

To elucidate the isothermal aging
observed in the XRD experiments,
analogous isothermal aging experiments
were performed on DTAB-dzi. The X-ray

data showed structural equilibration was

required to form a solid at 17 °C. Shown in
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Figure 2.12: 2H spectra of DTAB-d»; at 10 °C (blue), 17

°C (green), and 40 °C (red). Unnormalized (a) and

Figure 2.13 are the normalized spectra of Normalized (b).

DTAB-d»; during isothermal aging at 17 °C

(left) and 10 °C (right) after cooling from 40 °C. The 40 °C spectrum is shown in red in both cases.

a) Held at 17 °C (normalized) b) Held at 10°C (normalized)

40°C 40 °C
17 °C (int.) 10 °C (int.)
17 °C (final) 10 °C (final)
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Figure 2.13: Isothermal aging of DTAB-d»; at 17 °C (left) and 10 °C (right).
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The 17 °C series does not show significant change during the 60-minute experiment. The final

linewidth is larger than at 40 °C, indicative of slowing of molecular motions, but no evolution of

the lineshape is visible. At 10 °C there is a larger change that occurs over the course of multiple
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scans as the line broadens into the final width after the first 6-10 minutes. This is interesting as the
X-ray scattering saw development of peaks out to 60 minutes and some of the most dramatic

changes occurred after 30 minutes.

C. Discussion

Upon solidification, " 1620
[}
- T €19 25 °C
the 2H spectra of DTAB-dy) |
: Beti 10 °C
z ' i17°
do not form into a Pake z ; b Beti17°C
g ! g /' ||l Beti 40 °C
. 5 [}
doublet, the line shape 3 ! YA
expected when motion is S
[
]
significantly hindered on the i
microsecond time  scale. -100000 -50000 100000
Figure 2.14 compares the | ~ & L PE 20 °C
--------- PE 40 °C
normalized DTAB-dy | i oMy A T PE6O"C
- PE 80 °C
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spectra against nonadecane- é --------- PE 110 °C
= | J— PE 120 °C
N Beti 10 °C
dso (*“C19”) and deuterated ré Beti 17 °C
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=2
polyethylene  (“PE”) at
several temperatures®~*. C19 g _
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exhibits two solid phases Freq (Hz)
Figure 2.14: Normalized spectra of DTAB-d,; (solid lines) plotted against
before melting at 32 °C nonadecane-d4 (top) and deuterated polyethylene (bottom).

Below 22 °C (yellow), C19 exists in a crystalline structure wherein molecules organize into layers
of all trans chains. At 25 °C (blue) C19 is termed a “rotator” phase, a type of plastic crystal having
similar chain layering as the crystal but disordered orientations of the chains, which also include

some gauche defects. In the C19 spectra of both phases, multiple sets of Pake doublets are visible.
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In the 20 °C spectrum, the widest Pake doublet has a quadrupole splitting of 120 kHz while the
narrower Pake doublet has a quadrupole splitting of 35 kHz. The narrower line collapses due to
the rotation of the methyl group?”. It is clear that the cation decyl chain of DTAB undergoes much
more us timescale motion than does C19 in its rotor phase.

The PE spectra shown in the bottom panel of Fig 2.14 provides a more complete set of
spectra for comparison. At 120 °C (dark red), near its melting point, PE contains a narrow, liquid-
like spectrum superimposed over 2 broad, weak peaks at -60 and 60 kHz. These small peaks grow
in prominence as the temperature is reduced, but a central liquid-like peak remains. This evolution
reflects a fraction of PE is freely rotating at high temperatures and as the temperature is reduced,
that fraction shrinks. It is unclear whether the spectrum of DTAB-d>; at 10 °C reflects a similar
phenomenon.

The solid-state spectrum of DTAB-d»; reflects the disorder of the cation. Surprisingly, the
motion of the decyl tail is sufficient to average the expected Pake pattern into a singlet peak at 17
°C, whereas X-ray scattering indicated the formation of ordering in the solid phase. Thus, the decyl

tail is not involved in the formation of ordering seen in X-ray scattering.



2.6 Infrared Spectroscopy

A. Introduction
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The IR data primarily provides a means to investigate cation and anion conformational

changes. Shown in Figure 2.15 are the two conformers of
the beti anion. Grondin et al. performed ab initio
calculations as well as IR and Raman studies on [Li][beti]
dissolved in glyme as well as [Nii11][beti] to distinguish
between the cisoid (top) and transoid (bottom)
conformations®. A4b initio calculations indicate the
transoid conformation is 6 kJ mol™! more stable than the
cisoid conformation. Estimates based on the termpeature
dependence of beti band intensities in the 550650 cm’

region in the IR spectrum yielded a similar value of 4.7 kJ

Figure 2.15: Conformations of [beti]
cisoid (top) and transoid (bottom).
Reprinted with permission from Ref. 35.

mol™! for [Li][beti] dissolved in glyme. The cisoid and transoid conformations absorb at 601 and

615 cm™ respectively. As the temperature was reduced, the fraction of beti” anions in the transoid

conformation increased. [Niiii][beti] forms a crystal and IR spectra indicated all transoid

conformation of the anion.

IR spectra were taken on a Bruker Vertex V70 IR spectrometer using a diamond ATR

crystal. Spectra were recorded using 1 cm™! resolution over the range of 4000-550 cm™.
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B. Results

IR spectra of the region of interest are presented in Figure 2.16. Spectra were taken at four

temperatures: 100 °C (dark red), 60 °C (red), 25 °C (orange), and 10 °C (green). The spectra are
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Figure 2.16: Normalized IR spectra of DTAB.

shown normalized to the peak at 615 cm™. There is an obvious decrease in the relative height of
the 601 cm™! peak as the temperature decreases consistent with the observation of Grondin et al.®.
There is also a large decrease in the relative intensity between the liquid spectrum at 25 °C and the
solid spectrum at 10 °C.

These relative intensities are displayed in the form of an Arrhenius plot in Figure 2.17.
From this plot, a preliminary estimate of ~4 kJ mol™! is obtained for the energy difference between
the cisoid and transoid conformations of the beti” anion, comparable to the value found by Grondin
et al. for [Li][beti] in glyme (4.7 kJ mol™). Figure 2.17 also highlights the discontinuous change

in the conformer ratio between the liquid and solid states. However, it is important to note that the

presence of the 601 cm™! peak indicates a significant population of cisoid conformer persists in the
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solid. After the 17 °C experiment,
0

Arrhenius Plot
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In(601/615)
¢

. -1
every 5 minutes for an hour and
-1.2 (]

there were no changes in the IR a4
2.6 2.8 3 1000/T 3.2 3.4 3.6

spectra from the initial 10 °C | Figure 2.17: Arrhenius plot of relative peak height at 601 and 615
cm’!. Liquid-state points (red) were fitted to a line while the solid-

spectrum. Thus the IR spectra, like state point (green) does not match the same slope.

the NMR spectra did not exhibit the same slow relaxation (taking place over ~1 hour) that the

XRD data did.
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2.7 Discussion of the Nature of the DTAB Solid

The initial XRD and *C NMR data suggested that the DTAB solid is something
intermediate in order between a crystalline solid and an amorphous glass. In this thesis I consider
three known types of solid that exhibit such an intermediate state of order: plastic crystals, glacial
states, and FK phases. I now ask to what extent does the DTAB solid seem to fit into one of these

three categories.
A. Is the DTAB Solid a Plastic Crystal?

Plastic crystals are the most well studied of the three types of solids considered. The criteria
for a plastic crystal are that a compound has translational order but rotational or orientational
disorder. Based on the X-ray scattering data, DTAB does not seem to form a plastic crystal. The
isothermal aging of DTAB at 17 °C demonstrated that order is forming in the supercooled liquid
as it transitions slowly into the solid. The peaks grow in and decay within the isothermal aging.
This indicates multiple structures are possible. Plastic crystals do adopt different structures as they
go through solid-solid phase transitions, but do not exhibit the growth and decay of peaks during
the isothermal aging. The number of peaks in the X-ray scattering data of DTAB does not appear
to coincide with a single unique crystal structure for DTAB. Plastic crystalline compounds have
translational ordering and the peaks can be fit to crystal structures.

2H NMR data is inconclusive. At 10 °C, the DTAB deuterium spectrum lacks a Pake
doublet, indicating motion is still significant on the NMR timescale. The singlet peak that is present
is significantly broadened in comparison to liquid-state data, indicating cation motion is markedly
reduced in the solid. The broadening of the deuterium spectrum does not provide detailed

information of the particular motions beyond the fact that it reorients the C-D bonds of the decyl
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tail of the Njo 11" cation. Additional experiments are required to isolate the specific motions
slowed in the cooling process.

The IR data is also inconclusive in terms of the plastic crystalline phase. The IR data
indicates that both conformations of the anion, cisoid and transoid, are present within the solid. If
a well-ordered crystal was formed, I would expect only a single conformer to be present. The
presence of both conformations indicates some disorder in the solid phase of DTAB, but it does
not comment on the nature of the disorder.

B. Is the DTAB Solid a Glacial State?

Glacial states consist of crystallites imbedded in an amorphous phase. In the case of
triphenyl phosphite (TPP), the glacial state was formed through isothermal aging 20 °C above the
glass transition temperature’!. In DTAB, we observed structural changes via XRD as the system
transformed from a supercooled liquid to a solid at 17 °C. Aspects of the XRD data support the
formation of something akin to a glacial state. During the isothermal aging, order develops as
indicated by sharp peaks growing in, like what is observed in TPP. I do not expect peaks to decay
during isothermal aging in a glacial state; there is no indication that the crystallites forming in a
glacial state would change between multiple structures. An additional consideration is the low q
SAXS data. The formation of a distribution of quasi-spherical nanocrystallites of varying size
should be accompanied by a q"* dependence at low q. The lowest peaks observed in DTAB do not
reflect the formation of crystallites as they occur near 0.21 A™! (d~25 A).

The ?H NMR data also do not support the formation of a glacial state. In such a state I
would expect a superposition of a sharp liquid-like peak and a Pake doublet for the amorphous
phase and the crystallites respectively. It is possible the amount of the crystalline phase is too small

to be clearly visible, but that does not account for the isothermal aging component. In the XRD,
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measurements at 17 °C were taken for 60 minutes. There were peaks growing in and decaying past
30 minutes. In the analogous ’H NMR experiments, the spectra were similarly collected for 60+
minutes, but no significant changes were seen after 3 minutes. This is an order of magnitude
difference in the equilibration time of the XRD and 2H NMR. This suggests the Nio.111" cations are
not involved in the development of ordering seen in XRD.

The IR isothermal aging experiments do not reflect the formation of a glacial phase. Like
the 2H NMR data, I would expect the IR data to reflect the development of ordering during the
isothermal aging. The ratio of the two conformations does not change during the isothermal aging
of the IR data. I would expect the formation of crystallites to be accompanied by a shifting of the

ratio to the more favorable conformation in the crystallites.
C. Is the DTAB Solid Forming Frank-Kasper Phases?

Observation of FK phases in soft-matter systems to date has involved packing of micellar
structures. For DTAB to conform to this mold, it must first form micelles that then organize into
the FK type structures. Additionally, in previously reported systems, there is XRD evidence that
the micelles initially organize into a BCC structure and over time convert into the FK structure. In
DTAB, the isothermal aging process sees initial sharp peaks that appear and decay away as many
additional peaks grow in. One qualitative explanation is the initial BCC structure forms and then
develops into the FK structure.

However, the SAXS data does not support identification of the DTAB solid as an FK phase.
I envision the formation of micelles in DTAB would entail the beti” anion plus cation heads
forming the core of the micelle while the decyl tails of the Nio,111" cation form the outer layer. It is
unclear whether the alkyl portion of DTAB would be able to fill space between micelles, which

puts the idea of FK phases in further doubt. More importantly, the lowest q peak observed in DTAB
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is at ¢ = 0.2 A"! (d~25 A). This size is roughly consistent with the size of a micelle, but if large
scale ordering occurs sharp peaks should form at lower q than in the liquid. Additionally, there
may be a q** dependence, as is expected in a glacial state for the formation of crystallites, if micelles
were forming. Overall, the XRD data yields some evidence for and against the formation of FK
phases in DTAB.

It is more difficult to consider what the FK structure would appear as in the 2H NMR data.
If the decyl tails make up the corona of the micelles, they would be rather fluid and would explain
the absence of a Pake doublet. I would expect some arresting of motion during the isothermal aging
as the micelles pack, but I did not find an example of NMR lineshapes in FK phases.

The IR data are consistent with a FK phase. IR indicates that the anion conformational
equilibrium does not change during the isothermal aging. NMR indicates the cation does not reflect
the order developing either. This suggests the ordering observed in the X-ray scattering is on a
larger length scale than is picked up by the conformational changes seen by IR or the mobility of
the alkyl chain observed by NMR. It is reasonable to conclude the ordering of micelles wouldn’t

be reflected in the NMR or IR data.
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2.8 Conclusion

In conclusion, DTAB does not appear to form a plastic crystal, glacial phase, or Frank-
Kasper phases. A summary of the broad points just discussed is presented in Table 2.3. X-ray
scattering data indicates the development of ordering during a period of isothermal aging. The
isothermal aging is not reflected in the >7H NMR and IR spectra, suggesting the order is on a larger
length scale than is picked up by either technique. SAXS data does not indicate the formation of
crystallites or micelles since there is not g dependence. The 2H NMR lacking a Pake doublet
indicates a high degree of disorder in the decyl tail of the cation. IR spectra demonstrate significant
population of both conformers of the beti” anion in the solid phase of DTAB; indicative of

conformational disorder.

Table 2.3: Summary of Solid Phases

Type of Solid PlasticCrystal  Glacial State Frank-Kasper [Nyg,111][beti]
Phases

Translational Yes No Yes Not on a longer

Ordering length scale than
the liquid (XRD)

Rotational/ No Crystallites No No, 2H NMR does

Conformational should be not show Pake

ordering ordered, pattern.

amorphous not.

Isothermal aging No Yes Yes X-ray shows
evolution while
2H NMR and IR

do not
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Chapter 3: Summary and Conclusions

My initial research concerned NMR measurements of rotational diffusion in 1-butyl-3-
methylimidazolium tetrafluoroborate ([Im41][BF4]) and its mixture with acetonitrile. One study
focused on three solutes, dimethylbenzene, cyanomethylbenzene, and dimethylpyridinium
hexafluorophosphate in neat [Im41][BF4]. A second study included rotational and translational
diffusion in [Im41][BF4] mixtures with acetonitrile with benzene as a solute. This work was
performed to support computational studies by other group members, and it has already been
published. My most recent and independent research involved X-ray scattering, NMR, and IR to
characterize the solid phase of trimethyldecylammonium bis(perfluoroethylsulfonyl)imide
([Nio,111][beti]).

The first rotational diffusion study investigated the effects of molecular size, shape and
electrostatics on rotational dynamics in ionic liquids. It could be expected that the magnitude of
the solute charge would directly correlate to retardation of the rotational correlation time.
However, the distribution of charge within the probe molecule changed the ordering of the local
environment. In order from fastest to slowest rotational correlation time was dimethylbenzene,
dimethylpyridinium, and cyanomethylbenzene with the slowest rotational correlation times. Thus
the rotation of solutes within [Im41][BF4] depends on the localization of charge and not simply
magnitude.

The second study investigated rotational and translational diffusion and provided
experimental comparisons for molecular dynamics simulations of mixtures of [Ima41][BF4] with
acetonitrile using benzene as a solute. This prototypical system was used to investigate how

rotational motion changes with changing composition and viscosity. Rotational diffusion
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measurements were found to agree well with simulation, but translational diffusion measurements
do not agree for reasons that are still unclear.

The goal of the final study reported here was to determine the nature of the unique solid
phase formed by [Nioi11][beti]. Preliminary XRD and '3C NMR experiments indicated a
superposition of crystalline and amorphous order in the solid phase of [Nio,111][beti]. Three likely
solid phases: plastic crystal, glacial state, and Frank-Kasper phases were used as a framework for
subsequent X-ray, NMR, and IR studies. The main foci of experimentation was characterization
of the isothermal aging and the length scale of the order in the solid. None of the chosen
frameworks provided a full explanation of the data collected, indicating [Nio,111][beti] does not
form a plastic crystal, glacial state, or Frank-Kasper phases in the solid phase. Further analysis of

[Nio,111][beti] is required to more completely determine the nature of its solid phase.
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Appendix: NMR Calibration

A.1 Temperature Calibration

To verify that our measurements occurred within the extreme narrowing limit, T relaxation
times were collected on a 300 MHz instrument as well as the 500 MHz instrument to check the
frequency independence of Ti. Initial comparisons at multiple temperatures did not agree as
anticipated and we suspected that the disagreement might be due to errors in the temperature
calibrations of the two spectrometers. We therefore devoted some time to calibrating both
instruments.

Temperature calibration of NMR spectrometers usually relies upon measuring chemical
shift differences in reference materials. Raiford et al. published a temperature calibration based on
the separation between the methyl and hydroxyl protons at different temperatures*®. The
separation, in ppm, fits to the equation:

429.2 — (62.26 X A5) — 13.85 X (AH)? (A.1)
where Ad is the ppm difference between the two peaks of methanol. Raiford et al. determined
methanol had the best fit over the temperature range 240-310 K. For higher temperatures, ethylene
glycol was used similarly. The separation of the peaks fits to the equation:

466.0 — 101.64 x AS (A.2)
which has a good fit over the temperature range 303-372 K. A later paper by Findeisen et al. found
that cryoprobes yield extremely broad lines and differences in tuning and matching resulted in
differences in the chemical shifts reported®”. They instead utilized 'H spectra of methanol-ds and
fit the temperature calibration to Eq. A.3.

T = —16.7467 x (A8)? — 52.5130 x AS + 419.1381 (A.3)



Eq. A.3. and methanol-ds+ was
used to calibrate the HD 500
MHz instrument.

Figure A.1 shows the
results of the calibration of the
300 and 500 MHz instruments.
The  x-axis  reports  the
temperature reported by the
and the

instrument y-axis

reports  the  temperatures
calculated using the chemical
shift difference. The methanol
fit (blue) was used to adjust the
temperatures below 310 K and
the fit of the ethylene glycol
data (red) was used to calibrate
temperatures above 310 K. The
dashed black line indicates the

1:1 between instrument
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Figure A.1: Calibration curves for 300 MHz (top) and 500 MHz (bottom) NMR
instruments. Methanol (blue) and ethylene glycol (orange) temperature data
utilize the difference between the proton chemical shifts at different temperatures.

temperature and calculated temperature. The 300 MHz instrument has large discrepancies. Where

the instrument reported 318 K, the actual temperature was 329 K, which makes up nearly % the

total temperature range observed. The 500 MHz instrument has an internal temperature calibration

and so little change was observed between our calculated values and the instrument values.
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A.2 Pulsed Field Gradient Calibration
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Figure A.2: Comparison of experimental (blue) and simulation (red) diffusion coefficients of

of the sample. The main difference is calibration of the gradient pulse. In the T experiment, the
delay time is varied to obtain full relaxation. PFG uses a single delay time and varies the gradient
strength applied to attenuate the signal. Figure A.2 shows a comparison of the diffusion
coefficients of benzene measured experimentally (blue) and calculated in MD simulations (red)
within the [Ima41][BF4]/ACN mixture samples.

The diffusion coefficient for a given PFG experiment utilizes the gradient strength of the
NMR instrument used. This gradient strength is a fixed value within the Topspin program that can
be manually adjusted. The value for the gradient strength was not calibrated for the PFG
experimental results shown in Figure A.2. To determine the accuracy of the gradient strength in
Topspin, the experimental diffusion coefficients were compared against simulation values in
Figure A.3. In green are the experimentally determined diffusion coefficients for benzene in the
[Ima41][BF4]/ACN mixtures compared against the simulation values from Brian Conway. In blue

are conventional solvents compared against literature values for the diffusion coefficients. A 1:1




curve is plotted as a black
dashed line. The error
between the standard values
of the diffusion coefficients
and the experimentally
measured values appears to
be a systematic error. I
believe this is caused by a

difference  between the
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Figure A.3: Comparison of diffusion coefficient values measured by PFG NMR.
Common solvents (blue) and benzene within mixture samples (green) were

measured.

gradient strength reported in the Topspin program and the actual gradient strength delivered to the

sample. The error when comparing the experimentally measured diffusion coefficients to the

simulated ones has a constant factor as well. I believe this is the same error, but since the sets of

data were taken at different times, it is unclear what the difference between reported gradient

strength and actual gradient strength was at the time the benzene diffusion data was taken. My

recommendation for future PFG experiments is to use an external standard before and after the set

of experiments to ensure the correct calibration of the diffusion coefficient of the samples.
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A.3 Solid-state NMR Calibration

The same assumptions that go into setting up a liquid-state NMR experiment do not directly
translate to the solid state. The first difference is the solid-state sample needs to be packed into the
tube. If the sample is poorly packed into the solid-state tube, the balance will be off, preventing
magic-angle spinning (MAS). This was not as important for the 2H NMR experiments since they
did not spin. It is also important to consider the thermal history of a sample when running MAS
experiments. When DTAB was heated above its melting point, the sample would no longer be
well-packed for MAS and was off balance. The tube also has a rotor cap to achieve MAS. Certain
caps have a smaller effective temperature window because they contact and tend to come off
during an experiment. The materials for the caps that we used were Kel-F and Vespel. The Kel-F

is meant to be used above 270 K whereas the Vespel caps can go down closer to 230 K.

Calibration of the
interpulse

. o I
instrumental parameters was (907) (90°) _-udei-

accomplished using external (d1)
1 - : -
standards of adamantane for 'H recycle interpulse
delay [—01 delay
and 13C chemical shifts and the pulse  (4g) dead  acquisition time
length time

. . {
shimming parameters. For (p1} (47)

Figure A.5: Quadrupole echo pulse sequence with pulse (“p”) and delay
deuterium lineshape | (“d”) notation used below. Reprinted with permission from Ref. 31.

experiments, hexamethylbenzene-dis (HMB) and nonadecane-dso (C19) were used to calibrate the
NMR experiments by comparing to literature spectra®!’> 33, Shown in Figure A.5 are the various
timings within the solid echo pulse sequence.

Pulse length (p1) was calibrated like the liquid-state experiments. The pulse duration was

varied, and I found p1~6.5 us yielded the maximum signal. The acquisition time was a qualitative
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adjustment. The only criterion was to avoid truncation of the signal, in order to avoid artifacts in
the spectrum. This adjustment was more important for the Ci9 and the DTAB compounds, which
were more liquid-like near room temperature, thus the FID decayed slowly. All spectra used an
acquisition time of at least 8 ms, which seemed long enough for signal to fully decay. The recycle
delay (d1), like in the liquid-state, allows the sample to relax to a near equilibrium state before
replicate scans are recorded. I used the rule of thumb d1> 5xT; to maximize the signal. Kinnun et
al. used a 0.3 second recycle delay for HMB whereas the nonadecane article used d1 = 60 seconds,
due to the rather different values of T for these two solids. However, as long as d1 is much greater
than the other times in the pulse sequence, I do not expect d1 to affect the lineshapes obtained.

The two other parameters, the interpulse delay (d6) and the dead time (d7), were more
difficult to calibrate. Manipulating these values caused marked changes in the lineshape, but
determination of the “correct” value was unclear. Mark and I corresponded with Bruker
technicians. The recommendation we received was that additional steps could be taken during the
data processing if the d6 or d7 times were not set perfectly. The focus is collecting data beginning
at the top of the echo. The interpulse delay sets what time the echo appears, and it is possible to
vary d7 to collect from the top of the echo, but it is more reproducible to use left-shifting. For the
solid echo pulse sequence, the lineshape is dependent on where data collection starts. If the data
collection starts before or after the start of the echo, the signal is distorted. Left shifting simply
truncates the data.

Adjusting d6 and d7 to determine the correct lineshape is an iterative process. It involves
examining the FID to locate the top of the echo. Hovering the cursor over this point will display
an “index number”. This index number is how far to left shift the data using the formula (2x-2)

where x is the index number. Type “nsp” for number of shift points and enter the 2x-2 result.
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Finally, type “Is” to left shift the data and observe the correction. The unshifted data is present so

it is simple to vary the nsp value to determine the best shifting.
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