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SUMMARY

The field of study on processes occurring at the liquid-liquid interface is discussed
in chapter 1. A general introduction to the importance of study and the previous
experimental methods is covered along with an introduction on how molecular
spectroscopy can be used to study the kinetics and mechanism of transfer for species at
the liquid-liquid interface. Chapter 2 describes the use of 'Li NMR for study of
‘solvatomers’ of Lithium in water-saturated nitrobenzene. The study of lithium salts of
varying hydrophobicity has revealed the presence of multiple metastable solvation states
of lithium in a mixed water/nitrobenzene system. The kinetics of exchange between these

solvation states has also been studied and is reported in this chapter.

In chapter 3, the use of 'Li NMR for solvation studies is supplemented with *H
NMR. The use of deuterium NMR allows the consideration of solvation states from the
point of view of the aqueous phase rather than the solvated species, lithium. The
occurrence of the metastable solvation states can also be seen by “H NMR but more
interestingly, the high concentration of water in the samples compared to lithium allows
diffusion-ordered spectroscopy study of the system. This leads to calculation of the
diffusion coefficient of these solvation states. It is reported that addition of lithium salts,
while clearly affecting the nature of hydrogen bonding, does not significantly influence
the size of hydrated species. In chapter 4, the mixed water/nitrobenzene system is studied
by FTIR. The OH stretch of water is affected greatly by the degree of hydrogen bonding.

This allows study of the affect of lithium salts on the degree of hydrogen bonding in

xiil



water-saturated nitrobenzene. The downside of the FTIR study is that only OH stretches
resulting from ‘free OH’ are visible. This is because the IR stretch of the majority
solvent, nitrobenzene, obscures stretches resulting from hydrogen-bonded water. This can
be overcome by conducting inelastic neutron scattering studies on the system, as
discussed in chapter 5. The difference in inelastic neutron scattering coefficient between
hydrogen and dueterium allows subtraction of the scattering pattern for nitrobenzene. The
hydrogen-bonding character of water can therefore be elucidated from the neutron
scattering pattern of H,O in deuterated nitrobenzene. Since deuterium gives near-zero
neutron scattering, the scattering pattern gives information about the state of water in
nitrobenzene. Chapter 6 details the use of Laser Induced Breakdown Spectroscopy
(LIBS) to asses the extent of ion incorporation in glass during the solvation study
experiments. The increased activity of the lithium ion in a majority organic medium
appears to drive the ion to the hydrated layer on the glass surface. The use of this
technique for low energy, low-cost doping of glass is discussed. Chapter 7 is a discussion

of overall conclusions and Chapter 8 is a look towards future work.

X1V



CHAPTER |

INTRODUCTION

1.1 Liquid-liquid Interface

The study of the interface between two immiscible liquids is of theoretical and
practical interest. The results of liquid-liquid interface studies can impact many other
fields of study. For example, in biochemistry, an understanding of interfacial structure,
kinetics and thermodynamics is critical for biological membrane modeling.' In
electrochemistry, liquid-liquid interface studies have been used in sensor design'™ and to
understand processes occurring in ion-selective electrodes with liquid membranes."*

Analysis of processes taking place during phase transfer catalysis (PTC) also requires an

understanding of interfacial chemistry.

The interface between two immiscible electrolyte solutions (ITIES) is formed
between two solvents of low miscibility,' each containing an electrolyte. Typically, one
of these solvents is water and the other is a polar organic solvent with a moderate to high
dielectric permittivity.! The most common second solvent is nitrobenzene. Both
electrochemical®! and spectroscopic'”" techniques have been used in the study of
ITIES. The questions of interest involve both thermodynamics and kinetics of ion transfer
between the two phases. The role of water in the ion transfer has been the focus of work
of several groups. Among these studies the work of Osakai's group occupies the most

16-20

prominent role. The work of Osakai et. al has focused on the affect of temperature



and dissolved electrolyte on the 'H chemical shift of water dissolved in an organic

16-2!
solvent.'6%°

Of primary interest for study is the determination of the Gibbs free energy of
transfer for species across the liquid-liquid interface and elucidation of the mechanism by

15,16,20 A

which the species transfers. solid understanding of ion transport mechanisms

across the interface of two immiscible liquids is fundamental to understanding

21-23 24-26 It

electrochemistry and surfactant chemistry. is also closely related to
environmental problems such as separations chemistry that is performed in binary solvent
systems (i.e., organic and aqueous phases) and interactions of contaminated organic
solvents with ground water. Understanding ion transfer at the liquid-liquid interface is
also critical to the study of the movement of species at biological interfaces.”’’
Application of ITIES studies to the movement of pharmaceutical agents across the blood
brain barrier is critical to understanding the pharmacokinetics in drug design.”’”
Nitrobenzene/water is the most widely studied and understood interface between two

immiscible electrolytes (ITIES)'

1.2 Electrochemistry at the liquid-liquid interface

The primary mode of study for ion transfer across the liquid-liquid interface has
been by electrochemical methods.”"" The idea is to provide an ion with the Gibbs energy
of transfer it requires to traverse the liquid-liquid interface.'® This is achieved by

polarizing the interface so that the Galvani potential difference,



Ao d=¢" —¢°,

where ¢ is the inner (Galvani) potential of the phase, compensates the Gibbs energy of
transfer. The subscripts W and O represent the water and organic phase, respectively. At
equilibrium, the equality of electrochemical potentials of ions in the two phases leads to

the Nernst equation for ion transfer reactions:

Ao d= Ay ¢’ +RT/2,FIn(@°/a") *

Where F is the Faraday constant, a; and z; are the activity and charge of the ion i and

A\g @’ is the standard transfer potential defined as:

AN g =AGPY©/7,F

tri

Where AGt?’,\iN/O is the standard Gibbs energy of transfer for an ion from the water to the

organic phase.

Both galvanostatic and potentiostatic methods have been used to study
polarization of the liquid-liquid interface. Methods such as current-step
chronopotentiometry”’ and chronocoulometry™, potential step chronoamperometry™,

cyclic®* and convolution voltammetry®>, ac voltammetry® and equilibrium impedance’’



measurements have led to insights into kinetic information and Gibbs free energy of ion
transfer. However, much is still debated. For example, Osakai et al argue that the
evaluation of Gibbs free energy of ion transfer at ITIES works on the false assumption of
a Born-type electrostatic solvation model.”* In this model, the ion is considered as a hard
sphere of radius r that is immersed in a continuous medium of constant permittivity. The
transfer energy is calculated as a difference between electrostatic energies for charging

the ion up to ze (e is the elementary charge) in organic, O and water, w phases:

AGOtr,iW/O (Born)=-Naz* e’ /8meor(1/e°—1/¢%) *

Where N, is the Avagadro constant, &, is the permittivity of vacuum and ¢° and &“ are
relative permittivities of O and W, respectively. Osakai’s work realized that since organic
solvents can dissolve significant amounts of water (200 mM for nitrobenzene) ions likely
cross the liquid-liquid interface in hydrated form, as illustrated in figure 1.1. Realising
this assumption and subsequently modifying the Born model so that it takes into account
the hydration numbers and subsequent hydrodynamic radii of ions leads to closer
agreement between models and experimental data.*” While the consideration of ions as
hydrated species has lead to greater understanding of the thermodynamics of ion transfer,
the kinetics and mechanisms of transfer are still not largely understood. Ions transferring
across this interface must exchange their solvation shell or maintain it in some metastable
arrangement with their new environment. It stands to reason that the solvation exchange
processes are not infinitely fast, in fact some of them may be unexpectedly slow, leading

to the existence of metastable solvation states of the exchanging ion. The number of these



different solvatomers and their structures are not known, but a general schematic of the
possible species involved in ITIES is proposed in figure 1.2. The details of the solvation
mechanism depend on the location at which the solvation/resolvation process takes

18-20

place, on the concentration of the ions and on the local activity of water. That, in turn,

depends on the structure of the L/L interface.

As stated, the majority of work on ion-transfer at the liquid-liquid interface has
been performed using electrochemical techniques. This comes with a major drawback.
The Galvani potential of a phase is established as soon as the ion of interest crosses the
interface', irrespective of the form this species takes i.e. its solvation environment. It is
because of this fact that electrochemistry alone cannot elucidate solvation processes and

structure of species in solution.

The aim of this work has been to use non-invasive spectroscopic techniques to
assess the dynamic processes occurring when an ion transfers across the liquid-liquid
interface. Also of interest are the resulting solvation environments of ions after

transferring from the water to organic phase.



Figure 1.1: When an ion transfers from the aqueous to organic phase, its hydration

number and hydrodynamic radii will likely influence the solvation environment in the

organic phase.

MZ + xH:O ——= M"~ (H:0)
AG" T AG: Y T

I I

Water phase

Z+
M % ore) + x.H.O -

-~

M” (H:0). =—=— M" (H:0). (NB),

Interface

Organic phase

Figure 1.2: Illustration of the potential ion transfer situations at the liquid-liquid

interface depending on hydrophobicity of ion.



CHAPTER I
"Li NMR STUDY OF LITHIUM SALTS IN WATER-SATURATED

NITROBENZENE

2.1 Introduction

The major drawback of studying ion transfer at the liquid-liquid interface by
electrochemical methods is that the system must be perturbed in order to gain information
such as the Gibbs free energy of transfer. There has been recent interest in the use of
spectroscopic techniques to elucidate kinetics and mechanisms of ion transfer.'®* Proton
NMR spectroscopy has been a standard technique of study of solvation in homogeneous
phases'® and at interfaces.*® Electrochemical in situ experiments at solid electrodes have
been investigated by solid phase NMR as a new powerful auxiliary technique.” While
much work has been undertaken to probe the thermodynamics of ion transfer at ITIES,
the identities of solvatomers that an exchanged ion forms in nitrobenzene, the most
common second solvent, are still not fully understood. Factors affecting the degree of
hydration of ions in organic solvents have been studied by many methods, including
FTIR and NMR.'“"® % The hydration numbers of different anions in nitrobenzene and
their effect on 'H chemical shifts has been studied by "H NMR."” Proton NMR has also
been used to explain how the water content of nitrobenzene affects the hydration of ions
in the solvent.'® However, the abundance of hydrogen atoms on nitrobenzene makes 'H
NMR study of solvation in nitrobenzene difficult. Detailed in this chapter is the use of 'Li

NMR to investigate the dynamics and the effect of anion identity and water content on



the formation and decay of metastable solvatomers of Li" in the Li'/nitrobenzene/water
system. By using Li" as the NMR active nucleus, solvation effects can be directly
observed as changes in the number of "Li resonances and their corresponding chemical
shifts, with no interference from the protons of water or nitrobenzene. The important
questions this work sought to answer are: what is the solvation environment of ions that
have traversed across the water/organic interface into nitrobenzene? Are the solvation
environments stable or dynamically changing? Finally how does the identity of the ion
affect its solvation environment? To assess the effect of ion identity on solvation
environment in nitrobenzene, data on hydrodynamic radii and Gibbs free energy of
transfer was gathered20 (tables 1 and 2) and salts were chosen for investigation that would
represent a range of hydrophobicity. Since the first mode of investigation was 'Li NMR,
The cation used was Li" throughout all experiments. The lithium cation has
hydrodynamic radius, r, = 0.351 nm and Gibbs free energy of transfer, AG,”'" =-38.2
KJmol™".* The three salts chosen were lithium bromide (LiBr), lithium perchlorate
(LiClIO4) and lithium undecamethyl carba-closo-dodecaborate (LiHCB;;Me). The
bromide anion has hydrodynamic radius, r, = 0.276 nm and Gibbs free energy of transfer
AGy @V = -27.8 KJmol ™. The perchlorate cation has crystallographic radius, 1, = 0.236
nm but a zero hydration number, leading to an incalculable hydrodynamic radius. The
perchlorate anion has Gibbs free energy of transfer AG,”" = -7.9 KJmol”. The
undecamethyl carba-closo-dodecaborate anion was developed in the laboratory of Dr
Josef Michl specifically for its immense hydrophobicity. No data is available for this

anion but it has close to zero solubility in water and thus is assumed, converse to the



other two anions, to have a positive Gibbs free energy of transfer from nitrobenzene to

water.

An unexpected result is the effect of the wall of the vessel on the decomposition
kinetics of the metastable solvatomers. It has been found that the solvation equilibria are

dominated by slow kinetics involving mixed solvatomer Ligmitrobenzenc/water)-



Table 1.1: Charge numbers and Radii of ions, their hydration numbers and hydrated radii
in nitrobenzene at 25 © C. *

Terms: z is the charge of the ion, * is the crystallographic radius, n° is the number of moles of water
coextracted into nitrobenzene per ion and r,° is the resulting hydrodynamic radius.

ion z  r*{nm) nt iy (nm)
(hydrated cations)
Li' I 0.073 6.0 0.35]
Na® I Olle 3.8 0.307
K* I 0152 1.0 0,220
Rb? I 0166 0.7 0212
Cs’ I 0181 0.4 0.206
Ca™ 2 0114 14 0467
Ba* 2 0149 Il 0435
(nenhydrated eations)
Mey N+ I 0279 0
EtN I 0337 0
n-PryM* I 0379 0
n-Buy N7 I 0413 0
Phats’ I 04267 0
[Ni(bpy )] 2 0527 o
[Ni(phenja]* 2 05447 0*
[Fe(phen)s ]+ 2 0541 0F{0.3)
(hydrated anions)
Cl -1 0167 4.0 0322
Br -1  0.082 2.1 0.276
I =1 0206 09 0.248
SCN -1 0213 1.1 0.260
N, -1  0.189% 1.7 0.267
(nonhydrated anions)
ClOy, =1 0.236% 0F(0.2)
10y —1  0.249% 0F
2 4-dinitrophenal -1 031¥ 0F
2.4, 6-trmitrophenol -1 033 0
PhaB -1 0421 0

(polyanions)
A [XM 50 4]

(X=8,Ge: M=Mo, W) -4 05¢ 0F
O 3-[ XM 12040)

(X =DP, As: M= Mo, W) =3 056 0F
o[ oMoy sOea |8

(X =P, As) —6 0648 0k
- S:Mo g0 —4 0648 0F
[S2WMo70s]" =5 0.648 0
| PahiogsO |‘1

(containing P20+") -4 0.644 0*
[Mog0yg)? =2 0437 0
[VMoshal* -3 0437 0
a-[MogDa]* —4 0488 o
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Table 1.2: Standard Gibbs Energies of Transfer of Ions from NB to W and Their Charge-
Independent and-Dependent Components at 25 °C*°

AGW AGTW
' L i
AGT iz-indep {z-dep)

1on (kJ mal=!) (kJ mol-1) (kI mol-1)
{hydrated cations)
L —38.2% 236 —6l.8
Nat —34, 20 17.9 —52.1
K —23.5°% 9.2 —32.7
R — 1945 2.6 —28.0
Cs” — 154 2.1 —23.5
Ca*? —(7.34e 41.6 —108.9
Ba*" —i] .84 6.0 —97.8
inonhydrated cations)
MeyMN? — 345 4.8 —18.2
EtaM” 5.3 21.7 —16.4
n-PryM* 6.4 274 —11.0
n-BuyN* 26.52 2.5 —6.0
Phys™ 35.9% REX 1.3
[N by ;] 305t 53.0 —22.5
[Nif phenj: ]+ 41,30 6.4 —15.1
[Felphen); ]+ 44.0¢ 558 —11.8
{hydrated anions)
Cl —38.Y 19.8 —58.0
Br —27.8* 4.6 —42.4
I —18.4+ 1.7 —30.1
SCN —15.8F [2.9 —28.7
Ny —25,2¢ 3.5 —38.7
inonhydrated anions)
Cloy —T7.9¢ [ 0.6 —18.5
[y - I 1.8 —17.8
2 A-dmitrophenol —5.7" 18.9 —24.6
2 4. 6-trinitrophenol 6.7™ 21.0 —14.3
PhyB 35.9% EER 2.1
ipolyanions)
ot - KM a0y 25.9" 59.8 —33.9
o[ X MO0 71.8" 598 12.0
0t Xa Mo 5O [ 2.9m 80,1 -77.2
o] S Mo eOhea [ [03.8% Hi.1 239
[S2V Mo O] 41.0¢ 2.1 —35.1
[PaMoy g0y Q2.2 79.1 13.1
[MoeOs]? 3l.e" Ab.4 —4.8
[WMos )3 —34.4r 64 —T0.8
it MiowOas]? —52.9" 44.9 —97.8
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2.2 Experimental

2.2.1 Materials

Lithium perchlorate and lithium bromide (> 99%, Aldrich) were used as received.
Lithium undecamethyl carba-closo-dodecaborate was received from the research group of
Professor Josef Michl at the University of Colorado, Denver, Colorado. Nitrobenzene
(99%, ACROS Organics) was redistilled under vacuum and dried before use by
molecular sieves (4A, Sigma—Aldrich). Glass Smm NMR sample tubes were obtained
from Wilmad-Labglass. All water used was de-ionized to 18 MQ using a US-Filter
Modulab water system (US Filter, Warrendale, PA). The Sephadex beads used in this
work were purchased from Sigma—Aldrich (Milwaukee, WI) and the polystyrene beads
were obtained from Duke Scientific, Corp. (Palo Alto, CA). The polystyrene—-DVB beads
(PS) were polydispersed 1-50 pm diameter, CAT # 445. The 25-100 um, moderately
hydrophobic lipophilic Sephadex beads (LS), CAT# LH 20 100 and the regular 100-300

um hydrophilic Sephadex beads (HS) CAT# G 25 300 were used.

2.2.2 Procedures

Saturated solutions of LiBr, LiClO4 and LiIHCB;;Me in dry NB were prepared by
shaking excess of lithium salt with dry NB for 5 minutes and then allowing the mixture to
equilibrate for 3 hrs prior to measurement. Saturated solutions of LiBr and LiClO4 in

water were prepared by adding LiBr, LiClO4 to de-ionized H,O until solid salt remained.

12



For preparation of ‘‘wet’” NB solution of LiBr, LiClO4 and LiHCB;Me, 5 mL of
aqueous solution (saturated with salt of interest) was added to 20 mL of nitrobenzene.
The two phase mixture was magnetically stirred for 24 h. When the stirring stopped the
experimental clock was arbitrarily set to t = 0. The phases were allowed to separate for 3
h and after that 2-3 mL of the upper clear nitrobenzene phase were transferred into a
clean vial and then to the NMR sample tube. The Lithium content of the "wet” NB
solution was determined by atomic absorption spectroscopy to be 9.52 x 10* M for
Lithium Perchlorate and 1.43 x 107 for Lithium Bromide. The published concentration of

water in water-saturated ‘‘wet’’ nitrobenzene is between 170 and 190mM. ¢

The two phases were also used in the polymer bead experiments. The hydrophilic
beads were first saturated with an aqueous solution of LiBr and then mixed with the
LiBr-saturated nitrobenzene phase to form a thick paste. Similarly, nitrobenzene phase
saturated with LiBr was confined to the lipophilic Sephadex or polystyrene beads,

respectively. The aqueous phase saturated with LiBr was used to form a thick paste.

2.2.3 NMR experiments

The NMR spectra were recorded using a Bruker AMX-400 spectrometer (Bruker
BioSpin, Rheinstetten, Germany) with a 5 mm and a 10 mm broadband probe. The 'Li
signal was observed at 155.5 MHz. with a 5 ps pulse (30°) and a 2.3s pulse delay. A "Li-
NMR spectrum of saturated (6M) LiClO4 in H,O was recorded before each experiment
and the corresponding signal calibrated to 0 ppm. Kinetic data was recorded
automatically using a macro. Typically, 30 successive experiments with a duration of 10

minutes separated by time delays of 15 min were measured. Peak areas were calculated
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by a line fitting function of the Mestre-C NMR software (Mestrelab Research SL,
Santiago de Compostela University, Santiago, Spain). The line fit function uses the
Levenberg-Marquardt non—linear least squares and Downbhill Simplex (Nelder and Mead)
algorithms for estimating peak parameters (position, intensity, line width and line shape
function). Temperature of the NMR probe was controlled to an accuracy of 1 K using
the spectrometers VT accessories. No frequency lock was used in 5 mm probe. When the
10mm probe was used, Benzene-ds (99.96 atom.%d, Sigma—Aldrich), was sealed in a
glass capillary which was inserted into the 10 mm sample tube as a field frequency lock.
Since the acquisition of multiple spectra took several hours the experimental time for
each set indicates the beginning of the NMR session. For sonication experiments the
ultrasonic bath Aquasonic Model 150 HT, delivering an average sonic power of 135 W,

was used.

2.3 Results

The "Li nucleus has a spin of 3/2 and a sensitivity which is 1540 times higher than
13C. NMR spectra of 'Li” in dry NB, water and ‘“wet’’ NB are shown in figure 2.1. The
chemical resonance of 'Li in dry NB is shifted 1.280 ppm downfield, relative to the
resonance in water. The "Li resonance peak in ‘“wet’> NB is significantly broader and lies

between these two values.
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2.3.1 NMR at the water—nitrobenzene interface

In order to obtain a sufficiently strong 'Li-NMR signal a high interface area has

been realized by confining LiBr aqueous or NB phases in polymer beads (figure 2.2).

? ?
—p —
— —
WATER WET NITROBENZENE DRY NITROBENZENE
0 ppm 0.379 ppm
AHz'%<1Hz AHz % =105 Hz 1.280 ppm
F‘T;Ill S T I . I‘F:ﬂ‘ o S - |1|I'Im1

Figure 2.1: 'Li NMR resonance spectra of lithium ion solvated in three different
environments and representation of the solvatomeric equilibria. (A) Water; (B) wet

nitrobenzene; and (C) dry nitrobenzene.

15



The spectra of "LiBr in dry NB and in water (Figure 2.1 A,C) show that it is

possible to distinguish between the two distinctly different solvation environments of

lithium, with a chemical shift separation of ~ 1.3 ppm. Hence, for the systems containing

dispersed polymer beads and both solvents in intimate contact, one would expect spectra

which are largely a superposition of spectra observed for Li dissolved in the aqueous

phase (Figure 2.1 A) and Li dissolved in the wet nitrobenzene phase (Figure 2.1 C),

especially if exchange behavior is fast.

A B %
2
%:ﬁ (,x:zak
HYDROPHILIC LIPOPHILIC PS/
SEPHADEX/WATER/ SEPHADEX/NB/ NITROBENZENE
NITROBENZENE WATER

0 0.4543 0.7073

AHzY::10Hz AHz'::46 Hz AHz'Y::76 Hz

PS/NB/
WATER

-0.1286
AHz':: 221 Hz

Figure 2.2: Realization of high interface area between nitrobenzene and water. One phase

is confined in polydispersed polymeric beads which are then suspended in the other

phase. Corresponding 'Li NMR spectra show different solvation states of the lithium ion.
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Experimentally, for the system containing LiBr(q/hydrophilic sephadex/bulk
nitrobenzene, a narrow line was observed at 0 ppm, which is largely identical to the
spectrum observed for LiBr dissolved in pure water. Hence, in this system the majority of
Li ions will be dissolved in the water. For systems containing hydrophobic beads loaded
with nitrobenzene, suspended in water, a rather broad peak is observed (Figure 2.2 B,D).
For the most hydrophobic polymer beads (Figure 2.2 B, C, D) a peak is observed, which
is broader than the one observed for Li ions dissolved in dry nitrobenzene (Figure 2.1 C).
The rather broad peak may be viewed as Li" species experiencing different states of
solvation. Each state of solvation will lead to a distinct chemical shift, however
individual peaks, corresponding to different chemical solvation states are not resolved
leading to a rather broad peak. In order to quantify the exchange rate between these
species we have attempted to use 2D exchange spectroscopy (NOESY/EXSY). In this
experiment, after the initial frequency labeling, the nuclei are given longitudinal Z
magnetization with a second 90 pulse. These vectors are now allowed to exchange
through their dynamic process during the mixing time, leading to cross peaks in the 2D
spectrum. The relative intensity of the off diagonal signal observed as a function of the
mixing time allows the evaluation of the exchange rate. We chose to carry out these
experiments at four different mixing times (1 ms, 10 ms, 50 ms and 100 ms) since we had
no prior idea of the exchange rate. The results of these experiments are shown in Figure
2.3. It is clear that the exchange rate must be slower that 10 ms since we do not see any
evidence of an off diagonal intensity (broadened shape) until we reach a 50 ms mixing
time. Unfortunately we cannot distinguish a unique cross peak from these spectra on the

400 MHz instrument.
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Figure 2.3: 2D exchange NMR spectroscopy of the nitrobenzene/water interface realized

in the bead experiment and performed according to the scheme polystyrene/NB/water,

shown in Fig. 2.2.
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2.3.2 Solvatomers of the lithium ion in ““wet’’ nitrobenzene phase

Attempts to realize a high surface area of contact between the water and
nitrobenzene phases resulted in broad "Li resonances that, as stated above, led to kinetic
exchange data but were not sufficiently resolved to elucidate information on the number
of solvatomers involved in the transfer of ions at the liquid-liquid interface. Focus was
shifted to study of the “wet nitrobenzene phase”. Wet nitrobenzene is our term for
nitrobenzene which has been equilibrated with an aqueous solution of lithium salt. In
effect it allows study of the lithium ion after it has transferred form water into the
nitrobenzene phase. After equilibrating nitrobenzene with LiBr(aqsaturated) for 3 hours, the
experimental clock was set to zero. The 'Li NMR spectra were taken at t=0 (see
experimental for description of the time scale). The absence of laser light scattering
(632.8 nm) indicated that the NB was homogeneous and that there were no
microemulsions present, at least on the um scale. Relatively narrow resonant peaks were
obtained for "Li" in pure water (AHz,, < 1 Hz) and in dry nitrobenzene (AHz ,, = 10 Hz)
in contrast to the 'Li" peak in ‘‘wet’” nitrobenzene (AHz, = 105 Hz), indicating the
presence of multiple solvatomers. (figure 2.1, panel B). It was thought that this broad
resonance could become more clearly resolved under the correct experimental conditions
to reveal separate solvatomers rather than a single peak. To achieve this, experiments
were conducted in a 10mm NMR tube rather than the Smm tubes which had been used.
The increase in volume in the NMR window of observation increases signal to noise but
more importantly the increased diameter allowed insertion of a sealed class capilary

containing deuterated benzene as an external lock. The solution has no chemical effect on

19



the system but allows deuterium lock to compensate for magnetic field drifts of the NMR

spectrometer.

It has not been recognized in the initial experiments (figure 2.1 B) that the
dynamics of this mixed solvation is exceptionally slow, spanning hundreds of hours. It
has only been noticed when the NMR spectrum of a one week old sample was compared
to the spectrum of the sample taken within 3 h of its preparation. The spectrum taken at t
= 3 h shows two well-resolved peaks at ~ 0 ppm and ~ 1.52 ppm (figure 2.4 A.). After 90
h, the peak at 1.52 ppm disappears (figure 2.4 B.). A short, 5 min immersion of the NMR
sample in an ultrasonic bath causes the reappearance of a similar peak at 1.14 ppm.
(figure 2.4 C). This experiment has been repeated many times, always yielding the
reproducible pattern of behavior although the peak separation was slightly different in
different sets of experiments. This variability can be attributed to the different amount of
sonic energy absorbed by the sample. The observed changes indicate that a
reorganization of the solvated lithium ion is taking place on a very slow time scale. We
find it quite remarkable that solvent reorganization can be reversed by mechanical
disruption. No noticeable changes in the 'H-NMR spectra taken simultaneously have

been observed.
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Figure 2.4: Dynamics of the self-organization in Li"/nitrobenzene (water) system. 'Li
NMR spectrum in wet nitrobenzene recorded at (A) t=0 h (20 000 scans), (B)t=90 h
(5500 scans); (C) as in (B), but after sonication for 5 min (12 100 scans).
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2.3.3 Interaction of lithium ion with glass

Initially, all the experiments were performed in standard 5Smm and 10 mm
diameter glass NMR tubes. The continuous recording of the spectrum of the 'Li" in
““wet’’ NB revealed an interesting experimental artifact. After four weeks of storage in
the glass NMR tube, the "Li" peak broadened and could no longer be restored into the
original two peak pattern by sonication or by reflux. The Li" assumed some ‘‘immobile’’
form and virtually disappeared from the solution. Moreover, the concentration of Li" in
that NB solution dropped below the detection limit (i.e. < 10° M) of the atomic
absorption spectroscopy analysis. The cumulative spectra acquired over 20 000 scans of
the empty glass NMR tube, or of the probe without the NMR tube also produced a broad
"Li signal that became indistinguishable from the background (figure 2.5.). The glass
NMR tube was then replaced by a quartz NMR tube, and the spectrum of a newly
prepared LiBr solution in ‘‘wet’> NB was acquired. The two peaks of the differently
solvated lithium ion were again obtained indicating the presence of Li' in two different
solvation environments. The spectra of the solutions stored in Teflon ware have
maintained their ‘‘free’” solution appearance. On the basis of these experiments we
conclude that the wall of the glass NMR tube adsorbs the lithium ion. These observations
are also corroborated by the fact that the concentration of the lithium ion in solution left
in a glass NMR tube dropped below the detection limit of the AAS instrument (10 M)
while the freshly prepared saturated solution of LiBr in ““‘wet’” NB could be comfortably

determined as [Li'] = 1.43 x 10°M. Further investigation into lithium incorporation in

glass is detailed later in this thesis (chapter 6).
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Figure 2.5: NMR spectrum of the Li" present in the walls of the NMR tube and in the
glass enclosure of the NMR probe. 20 000 scans have been acquired. (A) 'Li-NMR
spectrum of glass NMR tube filled with pure nitrobenzene; (B) 'Li NMR spectrum of the
“‘empty’’ 10 mm glass NMR tube; (C) 'Li-NMR spectrum of the ‘empty’” NMR probe.
The weak 'Li signal is coming from the glass of the probe. Each spectrum represents

10 000 scans.
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2.3.4 'LiClO, resonances in water, nitrobenzene and wet nitrobenzene

Numerous studies have proposed that ions must be considered as a hydrated
species on transferring across the water/nitrobenzene interface.*'™* As such, it is likely
that the anion identity influences the water environment in the organic phase. The
average hydration numbers of Li", Br and ClO4 in nitrobenzene have been determined
experimentally as 6.0, 2.1, and 0.2 respectively.”” As such, the slow (up to 1 week)
ordering of water in nitrobenzene by lithium, as reported in section 2.3.2 may be reliant
on prescence of a hydrophilic anion such as Br. To study this idea, analogous
experiments to those detailed above were conducted with LiClO4 in place of LiBr. The
first point of interest is that concentration of lithium species, as determined by atomic
absorption, is 9.52 x 10 M for lithium perchlorate and 1.43 x 10 for Lithium Bromide.
This makes appreciable signal to noise easier to obtain in the 'Li NMR spectra. Indeed,
whereas in the case of LiBr, it was necessary to co-add several thousand scans, with
LiClOs, 'Li resonances were clearly observable with as few as 64 scans. This gave the
possibility of obtaining kinetic information on solvation rearrangement, since less time is

needed for acquisition of each spectrum.

NMR spectra of "LiClOy in (1) dry NB (1.271 ppm), (2) wet NB (1.025 ppm), (3)
20mM aqueous salt solution (0.375 ppm) and (4) saturated LiClO4q) (0.000 ppm) are
shown in figure 2.6. The shift in chemical resonance between 1 and 2 is small and
suggests that lithium in wet nitrobenzene is solvated mostly by nitrobenzene. As
predicted, addition of LiClO4 to the wet nitrobenzene system does not lead to

spontaneous formation of multiple solvation states as addition of LiBr had. This
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corroborates the hypothesis that a hydrophilic anion such as Br™ contributes to ordering of
water in nitrobenzene where more hydrophobic ions such as ClO4™ are less successful.
The difference in resonance between spectra 3 and 4 is attributed to the strong
dependence of chemical shift on activity coeffient of the NMR active nuclei. It should be
noted that resonance 2, wet nitrobenzene, at 1.025 ppm is broader than the other
resonances, suggesting a range of solvatomers of type Li(H,O)«(NB),. Since NMR
spectra of 'Li in dry NB and in purely aqueous solution are not discussed various species
are denoted by the subscripts as follows: Lingy means lithium ion in “wet” nitrobenzene
but solvated by a majority of nitrobenzene. Ling/w) means mixed solvatomer of lithium
ion solvated by both nitrobenzene and water and Liw), means lithium ion still in wet

nitrobenzene phase but solvated in majority by water.

25



1.271 ppm  1.025 ppm 0.375ppm 0 ppm

2.0 0.

] SN, PG, |
U ICIIICdl

Figure 2.6: 'Li NMR spectra of 'LiC1O; in (1). Dry nitrobenzene. (2) Wet nitrobenzene.
(3) Water (20mM salt concentration). (4) saturated LiClO4aq) -
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2.3.5 Inducing multiple Li* solvation states

Since addition of LiClO4 to wet nitrobenzene did not result in appearance of
multiple 'Li resonances, it was an ideal opportunity to assess whether or not these
ordered water species as observed with LiBr could be induced by alternative methods.
We found two ways to produce metastable lithium solvatomers in wet NB solution: by
rapid cooling and by addition of a small amount of the aqueous phase. In the latter, 3 ml
of solution of LiClO4 in wet NB (initial solution) was shaken with a small amount (5ul)
of water. The "Li" spectrum was recorded within 5 minutes of preparation and a second
resonance appeared at 0.818 ppm (figure 2.7 A), which is reminiscent of the Lingw water
solvatomer from the studies of LiBr. When 5 pL of LiClO4 (aq, | mM) was added to the
initial sample a third solvatomer of lithium appeared at 0.460 ppm (figure 2.7 B), which
can be viewed as lithium ion solvated mostly by water, Liw. Figure 2.7 C. shows the
effect when the sample initially equilibrated at 298K was cooled to 290K in the NMR
probe. In this case the most downfield (1.163 ppm) and intermediate (0.776 ppm) peaks
are present. No samples scattered laser light (632.8 nm) after addition of aqueous phase

or after cooling, indicating that solutions were homogeneous on the um scale.
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Figure 2.7: "Li" spectra of (A) LiC10, (wet NB) with 5ul D.I water added. (B) 5l of
LiClO4(aq, 1imm) added. (C) cooled to 290K.
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2.3.6. Kinetic study of LiCIO,4 (wet NB) cooled to 290K

In order to follow the kinetics of solvatomer transformations, 'Li peaks were
observed over a period of 15 hrs after LiClO4 in wet NB was cooled from 298K to 290K.
Successive NMR spectra were recorded as described above. It is clear from Figure 2.8
spectrum A that three primary solvatomers exist. The downfield peak at 1.165 ppm is
near identical in chemical shift to that of LiClO, dissolved in dried nitrobenzene.
Therefore, this solvatomer must consist of lithium solvated mostly by nitrobenzene, Ling.
The small peak at 0.379 ppm has a similar chemical shift to that of 20mM LiCIO4 in
H,O. This solvatomer therefore likely represents lithium solvated in majority by water,
Liw. The peak at 0.776 ppm is a solvatomer comprising of lithium solvated by some ratio
of both nitrobenzene and water. This solvatomer will be referred to as Lingw). The
change in relative intensities of the intermediate and upfield peaks suggest that lithium in
the mixed solvation state seems to exchange its mixed solvation sphere for one

dominated by water.
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Figure 2.8: 'Li NMR spectra of LiClO4 (wet NB) cooled in the NMR probe to 290K. (A)
T=0.(B) 310 min. (C) 806 min.
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The results of the 15 hr kinetic experiment are summarized in Figure 2.9. Plot A
is the plot of the sum of all three peak areas seen in Fig. 2.8. The sum is constant
indicating that the total lithium species in the NMR active region of the sample tube does
not decrease over the 15 hr period. This is not a trivial statement in view of the
incorporation of Li" into glass (documented in more detail in chapter VI). The increase in
the area of the most downfield peak (1.165 ppm, Fig. 2.8) corresponding to the
solvatomer Ling) is shown in plot B. In (peak area) vs. time is linear for plot B, therefore
the increase in concentration of Li (p) solvatomer obeys first order kinetics with rate
constant, k =3 x 10° sec”. The increase in the area of the most upfield peak (0.379 ppm,
figure 2.8) corresponding to Liw) is shown in plot C. The decrease in the area of the
intermediate peak (0.776 ppm, figure 2.8) corresponding to Lingw) 1s shown in plot D.
Since In (peak area) vs. time is linear for plot D, the decrease in concentration of Li (g/w)
solvatomer obeys first order kinetics with rate constant, k = 7 x 10” sec”. Taking an
endpoint of the kinetic experiment as 651 min., the peak areas corresponding to Ling),
Linew) and Liw) solvatomers were calculated as a percentage of total peak areas. At the
end of the 15 hr period, the lithium species exist as 57.6 % Liwg), 2.3 % Lingw) and

40.2 % Ligw).
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Figure 2.9: Plot of peak area vs. time for the solvatomers produced when LiClOs/wet NB
system is cooled to 290K and followed by "Li NMR over 15 hours. (A) Sum of peak
areas of Liwg), Ling/w) and Liiw) solvatomers. (B) Growth in concentration of the Lig)
solvatomer. (C) Increase in concentration of the Li(w) solvatomer. (D) Decrease in

concentration of the Ling/m20) solvatomer.
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2.3.7 Effect of vessel wall on kinetics

All experiments decribed thus far were performed in 5 mm and 10mm diameter
glass NMR tubes. It was therefore deemed important to investigate whether the direct
contact between the solutions and glass wall had an effect on "Li resonances observed.
LiClO4 in wet nitrobenzene was cooled to 285K in the NMR spectromer. For this
experiment, the solution was contained within a Teflon tube liner inserted in the Smm
sample tube. Fig. 2.10 A and B show the spectra at t = 0 and t = 12hrs. It is clear that
without access to glass wall, the solvatomer Liy previously observed at ~ 0.4 ppm does
not exist. Over the 15 hr period, the relative intensities of the peaks at 1.181 and 0.796
ppm reverse. The intermediate solvatomer Lingw) is metastable. In the absence of the
vessel wall, this metastable intermediate solvatomer relaxes back to a lower energy Ling,
solvatomer. Taking an endpoint of the kinetic experiment as 620 min., the peak areas
corresponding to Ling), Line/w) and Liw) solvatomers were calculated as a percentage of
total peak areas. At this point, the lithium species exist as 54.6 % Ling), 45.4 % Ling/w)
and 0 % Liw). Comparison of cooling experiments with and without Teflon tube liner
suggests that the glass wall of the NMR tube appears to assist the condensation of the

Li(w) solvatomer.
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Figure 2.10: 'Li NMR spectra of LiClO4/ wet NB cooled in the NMR probe to 285K in
Smm NMR tube with Teflon tube liner. (A) T =10. (B) T =930 min.
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CHAPTER I
D NMR STUDY OF LITHIUM SALTS IN D,O-SATURATED

NITROBENZENE

3.1 Introduction

The experiments described in chapter two were conducted with "Li as the NMR
active nucleus. As such, solvatomers of Li" were observed as separate resonances in the
"Li spectrum, depending on the relative contributions of water and nitrobenzene to the
lithium solvation shell. It was determined that three distinct solvation environments are
observable through 'Li NMR. These are lithium solvated in majority by nitrobenzene,
Ling, lithium solvated by a mixture of nitrobenzene and water Ling/w and lithium with
majority water in its solvation shell Liw. The limitation of this approach is that since
lithium is the NMR nucleus, it is impossible to determine the effect lithium has on water
environment since we cannot conduct a 'Li NMR experiment without the lithium present.
An alternative approach is to conduct NMR on the water itself using deuterium as the
NMR-active nucleus, allowing comparison of the water environment in nitrobenzene

with and without the addition of lithium species.

The hydrodynamic radii of various ions has been estimated from consideration of
crystallographic radii and hydration numbers derived from Karl Fischer titration.*’
Described in this chapter is the use of “H NMR to gain further insight into the dynamics

of the solvation environment of Li" in the mixed Li'/nitrobenzene/water system. The use
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of deuterium as a reporter instead of lithium means that a comparison can be made
between NB/W solutions with and without lithium species. Diffusion ordered
spectroscopy (DOSY) was used to determinate the hydrodynamic radii of the lithium ion
in the Li'/nitrobenzene/water system. This technique has not been possible with 'Li NMR
since the concentration of LiBr in the water-saturated nitrobenzene is 1 x 10” M, which is

too low to obtain DOSY spectra.

3.2 Experimental

3.2.1. Materials

Lithium perchlorate (>99%, Aldrich) and Lithium bromide (>99%, Aldrich) were
used as received. Nitrobenzene (99%, ACROS Organics) was redistilled under vacuum
and dried before use by molecular sieves (4A, Sigma—Aldrich). Glass Smm and 10mm
NMR sample tubes were obtained from Wilmad-Lab glass. All water used was de-
ionized to 18 MQ using a US-Filter Modulab water system (US Filter, Warrendale, PA).

Deuterium oxide (Cambridge Isotope Laboratories, 99.9% D) was used as received.

3.2.2 Procedures

Saturated aqueous solutions of LiClO4 and LiBr were prepared by adding LiClO4

to D,O until solid salt remained. For preparation of ‘‘wet’> NB solution of LiClO4 and

LiBr, lithium salt was added to D,0O until saturated. This saturated aqueous solution was
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then stirred with vacuum distilled nitrobenzene for three hours and then allowed to
separate for one hour. When the clear NB phase was pipetted from the equilibrating
mixture, the experimental clock was set to t =0. The lithium content of the "wet” NB
solution has been determined by atomic absorption spectroscopy to be 9.52 x 10™ M for
Lithium Perchlorate and 1.43 x 10” for Lithium Bromide. The published concentration of

water in water-saturated ‘‘wet’’ NB is between 170 and 190mM.

3.2.3. NMR experiments

The 1D NMR spectra were recorded using a Bruker AMX-400 spectrometer
(Bruker BioSpin, Rheinstetten, Germany) with a 10 mm broadband probe. *H-NMR
spectrum of saturated (6M) LiClO4 in D,O was recorded before each experiment and the
corresponding signal calibrated to O ppm. For the kinetic data, peak areas were calculated
by a line fitting function of the Mestre-C NMR software (Mestrelab Research SL,
Santiago de Compostela University, Santiago, Spain). The line fit function uses the
Levenberg-Marquardt non—linear least squares and Downhill Simplex (Nelder and Mead)
algorithms for estimating peak parameters (position, intensity, line width and line shape
function). Temperature of the NMR probe was controlled to an accuracy of £1 K using
the spectrometers VT accessories. No field frequency lock was used during the data
acquisition. D-DOSY experiments were recorded using a Bruker DRX-500 spectrometer

(Bruker BioSpin, Rheinstetten, Germany) with a 5 mm broadband probe with z gradients.
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3.3. Results

3.3.1 Effect of lithium perchlorate on ?H chemical shift

The effect of LiClO4 on the ordering of water in nitrobenzene was studied by a
simple 1D “H NMR experiment (figure 3.1). Pure D,O was calibrated to 0 ppm then two
spectra were recorded in succession: spectrum 1 (solid black line) is the *H NMR
spectrum for nitrobenzene saturated with D,O. Spectrum 2 (dashed line) is the ’H NMR
sprectrum for nitrobenzene equilibrated with 6M LiClO4 in D,O. Both experiments were
repeated 5 times with observed chemical shift differences of less than 0.005 ppm. This
confirms that the downfield shift after addition of LiClOy is a real result rather than a drift
in the magnetic field of the instrument. This shift of the *H resonance towards 0 ppm
suggests an increase in water ordering leading to a ’H resonance that resembles that of

bulk D,0.

3.3.2 Effect of cooling on ?H spectrum

At room temperature, a solution of LiClO4 in water-saturated nitrobenzene gives a
single, clearly resolved resonance in a 1D 'Li spectrum. This species is hypothesized to
be lithium ion with a solvation sphere dominated with nitrobenzene. Upon cooling from
298K to 290K, a second resonance appears in the 'Li spectrum that has been attributed to
a higher energy metastable water aggregate, with a mixed solvation shell of water and

nitrobenzene Liwxng. This solvatomer is metastable and slowly decays over period of tens
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of minutes. In the presence of glass it forms a stable species Liw, which contains mostly
water and which is nucleated by the hydrophilic glass surface. In the absence of glass
surface (i.e. in a Teflon lined NMR tube) it converts to the nitrobenzene solvated species,
Ling . Figure 3.2 shows the effect of this cooling process on “H chemical shift for
nitrobenzene stirred with a saturated solution of LiClO4 in D,O. Spectra A and B are D,O
in nitrobenzene (termed wet nitrobenzene) at 289K and 290K, respectively. Spectra C
and D are LiClO4 in wet nitrobenzene at 298K and 290K respectively. The cooling of
both solutions results in the subtle shift (0.03 ppm) of the H chemical shift downfield,
towards 0 ppm (chemical shift of pure D,O calibrant), indicating that the water species
take on increasing bulk water character. This suggests that in both solutions there is an
aggregation of water upon cooling. It is interesting to note that the chemical shift
difference upon addition of lithium ion (0.95 ppm, figure 3.1) is large in comparison to
that caused by cooling. This is in direct support of FTIR data (chapter IV) which suggests

the ordering of water promoted by Li" is large in comparison to that caused by cooling.
g p y g p y g
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Figure 3.1: “H NMR spectrum of nitrobenzene saturated with D,O (black line)
and nitrobenzene saturated with LiClO4 in D,O (6M) (dashed line)

Li (W/NB) at 298K (W/NB) at 290K
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Figure 3.2: (A) °H NMR spectrum of (A) nitrobenzene saturated with D,O (black
line) and (B) 290K (dashed line), (C) nitrobenzene saturated with LiClO4 (D,0) at
298K (D) 290K.
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However, cooling does not result in the occurrence of multiple resonances as seen
in the 'Li NMR spectrum (figure 3.3). It is important to remember that this is the same
experiment only using a different ‘reporter species’. The apparent discrepancy in this
result can be explained by considering the abundance of these reporter species .When the
cooling experiment is performed and followed by 'Li NMR (figure 3.3), the solution
evidently becomes supersaturated with water, and becomes microheterogeneous, i.e the
decrease in temperature causes droplets of water to form. These results indicate that
lithium partitions into this phase resulting in two ‘solvatomers’, the solvatomer consisting
of lithium solvated in majority by nitrobenzene (1.163 ppm), and the solvatomer which
results from cooling and resembles lithium solvated by a mixed solvation shell, Ling/w
(0.776 ppm). The water droplets that form after a modest temperature drop of 8 K are a
small fraction of the overall water content of nitrobenzene. It is for this reason that in the
case of “H spectrum (figure 3.2B) the second solvatomer is unobservable. Conversely
with 'Li, the lithium species preferentially solvate with the newly formed species, thus

‘illuminating’ this second, metastable, water-rich solvatomer Liw/ng.

3.3.3 Addition of bulk water to system

In previous 'Li NMR experiments, it was found that cooling of the

LiClO4/nitrobenzene/water system resulted in formation of multiple solvatomers (Figure

3.3). In this case, the water content of the wet nitrobenzene is ~200 mM, compared to a
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LiClO4 concentration of 9 x 10* M. It is therefore clear that water dissolved in

nitrobenzene is in great excess of lithium species.

A 1.025 ppm

Figure 3.3: 'Li NMR spectra of nitrobenzene saturated with LiC10, in D,O at (A) 298K
and (B) 290K
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In the recent “H NMR studies, the formation of these multiple solvatomers is
undetectable due to the strong resonance of the dissolved deuterium. Previous studies
also determined that the same effect as cooling could be observed by addition of a small
amount of water to the solution on the surface of a wet glass capilary. It was proposed
that the concentration of the ordered water species could be enhanced to the point of
detection by such methods. To the initial LiClO4/wet nitrobenzene system an additional 5
puL of D,O was added on the surface of a glass capilary. Figure 3.4 A,B,C below shows
the kinetics of solvatomer transformation at t = O (insertion of wet glass capilary), t = 90
minutes and t = 180 minutes, respectively. It is clear from Figure 3.4 spectrum C that
three primary solvatomers exist. Pure D,O is assigned to 0 ppm. Nitrobenzene containing
LiClO4/D;0 gives a single resonance at ~-2.7 ppm. It is therefore clear that the downfield
peak at -0.316 ppm is a mixed solvation shell with nitrobenzene and water. Conversely
the peak at -2.710 ppm represents a species almost entirely solvated by nitrobenzene. The
shoulder which grows at 0.040 ppm is consistent with 'Li NMR results and represents a
large water aggregate nucleated at the glass capilary surface. The change in relative
intensities of the three peaks suggest that the solvatomer formed immediately on addition
of 5 uL D,O is metastable and appears to exchange its mixed solvation sphere for one
dominated by water (0.040 ppm) and one dominated by nitrobenzene (-2.704 ppm). This

is in direct agreement with the analogous 'Li experiments as reported in chapter 2.
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-0.316 ppm

A

-2.710 ppm

A

-0.312 ppm

-2.703 ppm

B

— |

-2.704
-0.322 ppm PR

Figure 3.4: *H NMR spectra of LiClO, (wet NB) with 5L of D,0O added and shaken.
(A) T=0. (B) 90 min. (C) 180 min.
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The results of these experiments are summarized in Fig. 3.5. A is the plot of the
decrease in the area of the peak at ~ -0.3 ppm (Figure 3.4) corresponding to Ling/w). For
this species, the logarithm (peak area) vs. time is linear, therefore the decrease in
concentration of Li wg/w) solvatomer obeys first order kinetics with rate constant, k = 4 x
107 sec”’. The increase in the area of the most upfield peak (~-2.7 ppm, Figure 3.4)
corresponding to Ling) is shown in plot B. The increase in the area of the most downfield
peak (0.040 ppm, Figure 3.4) corresponding to Li (w) is shown in plot C. The increase in
peak areas shown in plots B and C do not follow first order kinetics. On decay of the
metastable Ling/w) species, there is clearly a subsequent transport of water followed by
incorporation of this water into the Liw) and Ling) species. The two superimposed

processes make kinetics difficult to interpret.

45



9000 -
8000 p
70001 &
6000 -
5000 a A

4000 o
30001 O oB

Peak area (A.U.)

2000

1000 -
0 5 O ' OC

0 30 100 150 200

Time (minutes)

Figure 3.5: Plot of peak area vs. time for the solvatomers produced when 5 pL of D,0O is
added to LiCIO4/wet NB system, followed by “H NMR over 180 minutes. (A) Decrease
in concentration of the Ling/w) solvatomer. (B) Increase in concentration of the Ling

solvatomer. (C) Increase in concentration of the Li(w) solvatomer.
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3.3.4 DOSY Studies

Table 3.1 shows the effect of lithium species on the diffusion coefficient of D,O
in nitrobenzene. Diffusion coefficients were obtained from pulse field gradient, diffusion
ordered spectroscopy (DOSY) experiment. The diffusion coefficients were measured for
the “H resonance at ~-2.7 ppm, corresponding to the Ling) solvatomer and at ~ - 0.3 ppm,
corresponding to the Liwng) solvatomer. The resulting hydrodynamic radii, r,, were

calculated from the Stokes-Einstein equation.45

D =KT/ 6nnr,

Where D is the diffusion coefficient for the species, (m?s™) K is the Boltzmann constant
(1.3807 x 10 m* kg s> K™, 1 is the viscosity of the medium (8.94 x 10*%kg m™ s for
nitrobenzene) and r, the hydrodynamic radius of the species (m). Somewhat surprising is
the finding that the ordering effect of lithium on water in nitrobenzene, does not result in
a significant increase of the hydrodynamic radii for the solvatomer Ling at ~-2.7 ppm.
The diameters of the hydrated species in nitrobenzene are all smaller than that found for
bulk water, which has a self-diffusion coefficient of 2.13 x 10° m?s™! and R}, of 1.5 A.
This is intuitive since the decreased hydrogen bonding between water molecules in a
hydrophobic medium reduces the hydrodynamic radius versus that of bulk water.
However, the fact that lithium does not increase the hydrodynamic radius significantly is

surprising.
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Addition of lithium to the wet nitrobenzene (observed in the “H experiments at ~ -
2.7 ppm, figure 3.4) may result in an increase in hydrogen-bonding of the water dissolved
in nitrobenzene. 'Li NMR results of LiBr in wet nitrobenzene (chapter II) suggest that
lithium can order water to the point that a second clear solvatomer is observed, Lingw,
which is proposed to be an aggregate of water molecules within the nitrobenzene.
However, this does not mean that the solvatomer Lixg (*H, -2.7 ppm, figure 3.4) should
experience an increase in size, observed as a decrease in mobility observed by diffusion
spectroscopy (DOSY). As such, the failure of lithium to increase the hydrodynamic radii
of the solvatomer at ~-2.7 ppm in the ’H spectra, does not contradict the earlier 'Li
experiments. It is possible that in the case of the Liyg solvatomer, addition of lithium
does not lead to ‘pockets’ of isolated hydrated species in the organic phase, but moreover
a network of H-bonded water homogenously dispersed throughout the nitrobenzene. We
propose here that addition of lithium species to wet nitrobenzene increases hydrogen
bonding but not, as first thought, resulting in aggregates of hydrated lithium but in a
hydrogen bonded network of water molecules. This hypothesis explains the fact that
hydrodynamic radii elucidated from DOSY are small, on the order of single water
molecules. A simple calculation of the Loschmidt’s number for lithium (ions per cm’)
reveals an inter-atomic separation of ~ 100 A for the lithium cations, making it feasible
that Li" orders water through hydrogen bonding of its multiple solvation shells. Further
evidence that Li" contributes to an increase in water H-bonding was obtained by

observing the free -OH stretch of wet nitrobenzene by FTIR (Chapter IV)
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DOSY data was also collected for the “H resonance corresponding to the
solvatomer Lingw) (-0.316 ppm, figure 3.4), which has a diffusion coefficient of 2.25 x
107 m%s™ +/- 5 x 10! m*s™ which is closer to that of bulk water (2.13 x 10° m*s™"). This
makes sense, since we know that the peak at -0.316 ppm in the *H spectra results from
addition of excess water. We attempted to measure the diffusion coefficient for the
“shoulder” peak at 0.040 ppm but the species did not diffuse sufficiently, adding
evidence to the hypothesis that this resonance represents hydrated lithium immobilized at

the glass capilary.

A second possible explanation for the small change in hydrodynamic radii on
addition of Li" could result from a misinterpretation of the DOSY results. When diffusion
spectroscopy is used to measure diffusion of water, it is usually not considered that
DOSY measures the diffusion of the NMR active nucleus irrespective of whether it truly
represents the entire species. In the context of our experiment, it is possible that the
diffusion of *H (instead of D,0) is being measured (hence the large value of D) as the
deuterium ‘hops’ from one water molecule to another. This is largely ignored and a good
experiment to confirm or deny this would be to compare diffusion studies on both O and
H of water. While we have used “H to probe diffusion, 'O could also be used to
determine if the diffusion coefficients vary for the entire molecule. If the values of D
varies, the use of DOSY for study of water diffusion would be hampered by this effect.
We do not currently have a sufficiently sensitive instrument for study of '’O DOSY, but

future studies are desirable.
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Table 3.1: Diffusion coefficients and hydrodynamic radii for water species in various
nitrobenzene solutions., measured at -2.7 ppm on the “H NMR spetra.

Solution Diffusion coefficient, D (m?s™) rn, (A)
Nitrobenzene/D,0 2.3%x10° +-5x10™ 1.0
Nitrobenzene/LiBr(D20) 2.5x10-? +/-5x10M 0.99
Nitrobenzene/LiClO4(D20) 2.3x 107 +-5x10™M 1.0
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CHAPTER IV
FTIR STUDIES OF LITHIUM SALTS IN WATER-SATURATED
NITROBENZENE

4.1. Introduction

The infrared spectrum of water has been extensively studied both as a pure

46-51 -

solvent, in solvent mixtures,”>>*

3962 The water

and as a solute in hydrophobic media.
molecule has Cy, symmetry and three IR active vibrations.®’ More than three bands are
usually present in the IR spectrum of water due to the occurrence of combination,
librational and overtone bands. The IR band which represents the bending mode (n2) of
water usually appears in the region 1595-1650 ¢cm™. This band is not sufficient to
elucidate the molecular state of water without considering the remaining modes of
water. Conversely, the stretching vibrational modes of water have been used to study
the molecular state of water where water is the solute in a hydrophobic solvent,’' such as
the water/nitrobenzene system in this work. The IR bands corresponding to the
antisymmetric (v3) and symmetric (v1) stretching modes are normally seen at 3000-3800
cm”. The antisymmetric (v3) and symmetric (v1) stretching modes have differing
positions and intensities depending on the water environment and the association of water
molecules through H-bonding.®' The v3 and v1 bands in water vapor absorb at 3756 and

3657 cm™ respectively.®! The bands absorb at a lower wave number when water interacts

with its environment, for example with bulk nitrobenzene in this work. The difference in
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the maximum positions of these bands is ca. 100 cm™ for the example of water bound in
symmetric complexes, both protons hydrogen bonding. For water dissolved in
hydrophobic solvent, especially when the concentration of water is below 1 x 10~ M, the
v3 and v1 bands are clearly two separate absorptions.®’ As the water content increases in
less hydrophobic solvents the bands appear to merge and for pure water, a broad band
with a maximum at approximately 3300 cm™ is observed.®’ In reality, this broad
absorption which is familiar to chemists at the OH peak is comprised of the v3 and vl
bands that broaden considerably due to the hydrogen bonding. It is difficult to elucidate
the molecular state of water in nitrobenzene based on the shifts of the stretching bands of
water because there is a strong coupling between the v3 and v1 bands.”' However, since
vi and v; intensities are intimately related to the extent of hydrogen bonding between

water molecules, the effect of lithium salts on aggregation of water through hydrogen

bonding can be studied by FTIR.
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Figure 4.1: Schematic of IR stretches for H,O molecules and corresponding IR spectrum.
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4.2 Experimental

4.2.1. Materials

Lithium perchlorate and lithium bromide (>99%, Aldrich) was used as received.
Lithium undecamethyl carba-closo-dodecaborate was received from the research group of
Professor Josef Michl at the University of Colorado, Denver, Colorado. Nitrobenzene
(99%, ACROS Organics) was redistilled under vacuum and dried before use by
molecular sieves (4A, Sigma—Aldrich). Glass Smm NMR sample tubes were obtained
from Wilmad-Labglass. All water used was de-ionized to 18 MQ using a US-Filter

Modulab water system (US Filter, Warrendale, PA).

4.2.2. Procedures

Saturated solutions of LiBr, LiClO4 and LiHCB;;Me in dry nitrobenzene (NB)
were prepared by shaking excess of lithium salt with dry NB for 5 minutes and then
allowing the mixture to equilibrate for 3 hrs prior to measurement. Saturated solutions of
LiClO4 in water were prepared by adding LiClO4 to de-ionized water until solid salt
remained. For preparation of ‘‘wet’” NB solution of LiBr, LiClO4 and LiHCB,;Me, solid
lithium salt was added in excess to NB which had previously been equilibrated with
water for 24 hrs. The mixture was shaken for 5 minutes and allowed to equilibrate for 3
hours prior to measurement. When the clear NB phase was pipetted from the

equilibrating mixture, the experimental clock was set to t =0.

54



The lithium content of the "wet” NB solution was determined by atomic absorption
spectroscopy to be 9.52 x 10* M. The published concentration of water in water-

saturated ‘‘wet’’ NB is between 170 and 190mM. "

4.2.3. IR Experiments

The FT-IR spectra were recorded using a BioRad FTS 6000 spectrometer
(BioRad Laboratories) controlled by WIN-IR pro software (BioRad Laboratories).
Samples were injected into a liquid transmission cell (Pike Technologies) with 32 mm x 3
mm circular ZnSe windows (Pike technologies). Pathlength used was Imm (Teflon
spacer, Pike Technologies). Each experiment consisted of 100 added scans, resolution 4
cm’, aperture 2mm. Each experiment was recorded versus a background spectrum of dry
NB. For the cooled experiments, the sample cell was placed in the refrigerator for 1 hour
until temperature of cell was a stable 10°C. The FTIR measurement was conducted with 1

minute of removal from the refrigerator.

4.3 Results

The NMR experiments have been complemented by parallel FTIR investigation.
Vibration of hydrogen-bonded water (occurring at ~ 3550-3200 cm™, broad®) is
obscured by strong absorbance by nitrobenzene. The symmetric and asymmetric stretch
frequencies of non-hydrogen-bonded —OH group are observed at 3583 and 3672 cm™,

respectively® (figure 4.2). These spectra have not been de-convoluted to elucidate the
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exact nature of this free water'>>%>%6

. Nonetheless, dilution of this sample to 50% with
dried nitrobenzene decreases the intensity of the two IR peaks by 50%, further

confirming that these peaks correspond to “free water”.
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Figure 4.2: FTIR spectra of (1) wet nitrobenzene. (2) wet nitrobenzene diluted to 50%

with dried nitrobenzene.



4.3.1 Cooling effect on IR spectra

Spectra of wet NB without (1,2) and with (3,4) LiClOy4 at room temperature and at
288K are shown in figure 4.3. The data suggests a minor decrease in free water content
upon cooling (1 to 2). While this effect is not unambiguously detectable the decrease in
free water due to the addition of LiClO4 (1 to 3) is obvious. This result shows that LiClO4
is capable of bonding significant amounts of free water in its solvation sphere. There is

also noticeable thermal shift of the spectra on cooling.

4.3.2 Effect of anion identity on IR spectra

The spectrum of LiBr in wet NB (figure 4.4, spectrum 1) shows weak absorbance
in the free water region. On dilution to 50% with wet nitrobenzene, spectrum (2) is
observed. The increase in free water content is a factor of 10, indicating that the water
ordering effect of the lithium has been disturbed by dilution. When solution of LiClO4 in
wet nitrobenzene (3) is diluted to 50% with wet nitrobenzene (4) the resulting absorbance
in the free water region is indistinguishable from that of wet nitrobenzene (5). Separate to
the dilution effects, it is clear from the significant differences between the LiClO4 and
LiBr spectra that the anion plays a major role in organization of water in the nitrobenzene

phase.
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Figure 4.3: FTIR spectra of (1) wet NB at room temp. (2) Wet NB at 10°C. (3)
LiClO4/wet NB at room temp. and (4) LiCIO4/wet NB at 10°C.
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Figure 4.4: FTIR spectra of (1) LiBr/wet NB. (2) Diluted 50% with wet NB. (3)
LiClO4/wet NB. (4) Diluted to 50% with wet NB. and (5) Wet NB.
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To further probe the importance of the anion in the ordering of water in NB, FTIR
spectra were recorded of the three lithium salts LiBr, LiClO4 and LiHCB;;Me;; in wet

NB (figure 4.5). The ability of the salt to order water, reducing free water content,

decreases in that order.
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Figure 4.5: FTIR spectra of (1) LiBr/wet NB. (2) LiClO4/wet NB and (3)
LlHCB] 1M€1 1/W€t NB.

In summary, the FTIR experiments have concluded that addition of lithium salt to
wet nitrobenzene increases the occurance of hydrogen bonding between water molecules
in the bulk nitrobenzene. The efficacy of ‘LiX’ on ordering of water increases with the

hydrophobicity of the anion.
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CHAPTER V
NEUTRON SCATTERING STUDY OF LITHIUM SALTS IN WATER-
SATURATED NITROBENZENE

5.1 Introduction

Water in the organic phase gives rise to different IR stretches depending on the
degree to which it is hydrogen bonded®'. The effect of the anion on the “free” OH stretch
at 3583 and 3672 cm™, respectively, has been studied by the FTIR. While FTIR can
confirm that non-hydrogen-bonded species are ‘tied up’ by lithium, the structure of these
clusters is still vague. The peaks in the above FTIR spectra are the symmetric and
asymmetric stretch from non-hydrogen bonded OH. The structure of the bonded OH
species cannot be studied by FTIR due to the large absorbance of the bulk solvent,
nitrobenzene. It this chapter inelastic neutron scattering is used to elucidate the forms of
water bonding in the nitrobenzene/water and nitrobenzene/water/lithium systems. The
large inelastic scattering cross section of H,O vs. D,0 is exploited by stirring deuterated
nitrobenzene with H,O, Scattering patterns arising from the various states of water are
therefore not obscured by hydrogen atoms on the nitrobenzene as is the case when FTIR

1s used.

Comparison of the inelastic neutron scattering (INS) spectra for deuterated
nitrobenzene which has been stirred with a) water b) saturated solution of LiBr(,q) 1s used
to elucidate the affect of adding the lithium salt to the structure of the water clusters

formed.
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5.2 Experimental

5.2.1 Materials

Lithium bromide (>99%, Aldrich) was used as received. D5-Nitrobenzene (99%,
ACROS Organics) was redistilled under vacuum and dried before use by molecular
sieves (4A, Sigma—Aldrich). All water used was de-ionized to 18 MQ using a US-Filter

Modulab water system (US Filter, Warrendale, PA).

5.2.2 Instrumentation

For the neutron scattering experiments, The Filter Difference Spectrometer (FDS)
at the Manuel Lujan, Jr. Neutron Scattering Center (Los Alamos National Laboratory)
was used. It measures the vibrational spectrum in neutron energy loss mode between 40
cm™ and 4000 cm™ with a white beam of neutrons. Determination of the neutron incident
energy is by time-of-flight, whereas the final neutron energy is imposed by a set of
beryllium filters between the sample and the detector banks. The instrument resolution
varies from 4 to 7% across the energy range. This resolution can be further improved by

the use of maximum entropy techniques during data analysis to 3-5%.

Protonated water (H,O) and deuterated nitrobenzene (C¢DsNO;) were used to

enhance the water signal while decreasing the scattering from nitrobenzene. Because the

amount of water is small in comparison to the bulk nitrobenzene, the scattering
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contribution from deuterated nitrobenzene remains significant. For this reason we
collected a blank (pure nitrobenzene-ds), as well as a spectrum for nitrobenzene-ds
saturated with H,O and another nitrobenzene-ds sample stirred for 18 hours with H,O
saturated with LiBr. The samples were placed in annular aluminum sample holders, 20
mm in diameter with an annular gap of 2 mm and a height of 100 mm. The aluminum
wall thickness was 0.8 mm. All samples were quenched (from room temperature) in
liquid nitrogen before being cooled rapidly to 12 K. When the temperature reached 12 K
data collection started. Cooling was necessary because the vibrational modes broaden
considerably with temperature. Because of the relatively high viscosity of the solutions
and the rapid quenching, the material is likely amorphous and is probably representative
of the disorder existing in the liquid state. All sample holders and sample volumes were

identical.

5.3 Results

Figure 5.1 shows the neutron vibrational spectra for deuterated nitrobenzene
saturated with H,O (thin line) and LiBr(q, sawraed) (thick line). Previous studies have
proven LiBr to be particularly effective at ordering water in nitrobenzene hence the
choice for this experiment. The internal modes of (deuterated) nitrobenzene were clearly
observed above 500 cm™ in all the vibrational spectra. The high frequency part of the
spectrum was not greatly affected by the presence of water and/or lithium bromide and
was used to perform a (normalized for counting time and sample volume) blank

subtraction. The low frequency part of the (blank-subtracted) spectra for nitrobenzene-
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ds+H,O and nitrobenzene-ds+H,O+LiBr are shown in Figure 5.1. There are some truly

remarkable differences (and similarities) between the spectra.

The band that extends from 400 to 420 cm™ ("400 cm™ band") is one (or more)
librational modes of water. For a water molecule in a general force field, there will be
three librations, one for each axis of rotation, but these will be seen only if there is a
restoring force present for each libration. There is the “rock”, which is motion in the
plane of the water molecule; the “twist”, which is a rotation about the C, diad, and the
“wag”, which is a rotation about the H-H axis, (typically) with increasing frequency®. In
free water these librational modes are weak and appear as extremely broad, ill-defined
bands in Raman and IR spectra, where they are at all detectable. In system in which water
appears as a ligand to a metal cation, these librational modes become much more
pronounced.®” Notice that, unlike with optical spectroscopy, the librational modes are

usually the strongest contribution to the vibrational spectrum of water.

Just as interesting is the disappearance of intensity in the vibrational spectrum at
175 and 220 cm™. These modes are usually attributed to hindered translations in ice and
other forms of associated water molecules (clusters). According to Bertie and Whalley,*®
these modes are to be assigned to maxima in the density of vibrational states of water
clusters owing to longitudinal acoustic and transverse optic vibrations, respectively. Their
disappearance in the vibrational spectrum upon addition of LiBr is very likely indicative
of a drastic rearrangement of water molecules in the system. Upon addition of LiBr to the

system, some intensity appears as a shoulder on the high frequency side of the 260 cm™
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peak (arrow in Figure 5.1) and is most likely associated with a Li-O stretching mode® -

further proof of the association of water with Li".

The peaks at 260, and 350 cm™ are largely unaffected by the presence of LiBr in
the system. However they are not present in the blank (pure nitrobenzene-ds) and are
undoubtedly associated with the presence of water in the system. The 260 cm™ mode may

be associated with H,O molecules binding to nitrobenzene (N-O...H-O-H stretch).

The region between 280 and 320 cm™ (referred to here as the 300 cm™ band) is
also characterized by a decrease in intensity upon addition of LiBr to the system. It is
possibly another librational mode of water. If this is the case, it is tempting to associate
the modes at 300, 350, and 400 cm™' to water librations. All three librational modes are
present in the nitrobenzene-ds + H,O system. One mode is suppressed (rock) and one
mode is enhanced (wag) when LiBr is added. The water twist at 350 cm’ seems
unaffected. Its assignment as a librational mode is supported by its width, which is

significantly larger than the sharp 260 cm™ mode.

In summary, the inelastic neutron scattering has added evidence to the FTIR
results, which suggested that addition of lithium salt to the wet nitrobenzene phase
increases the extent of hydrogen bonding between the water molecules. The technique
has also confirmed the association of water around the lithium cation, as suggested by the

earlier 'Li and “H NMR experiments.
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Figure 5.1: Neutron vibrational spectra of nitrobenzene-ds saturated with H,O (thin line)
and nitrobenzene-ds saturated with HyO+LiBr (thick line). The regions of the spectrum
highlighted by boxes are discussed in the text.
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CHAPTER VI

LITHIUM ION INCORPORATION IN GLASS

6.1 Introduction

Doping of materials with the lithium cation is technologically very significant. It
is important in preparation of optical waveguides and other optoelectronic elements.”"”
Lithium ion doping increases the refractive index of silicate, borosilicate, and phosphate
glasses, resulting in the formation of a boundary at which the light is totally reflected.

This interface is the key element for guided transmission of light in optical fibers and

waveguides.

Lithium ion doping plays an important role in "anodic bonding".”®”” Here lithium
ion is introduced to the surface of a planar glass object that is to be joined with another
glass object without any other glue substance. A high dc voltage (~1000 V) is applied
while simultaneously heating the two objects (400 °C) to be joined. Lithium ions from the
donor surface migrate in the applied electric field to the acceptor surface. The resulting
separation of charges causes formation of a strong electrostatic bond at the
donor/acceptor boundary. This form of bonding is commonly employed in
microelectromechanical systems technology where the use of any chemical adhesive

could interfere with the intended use.
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A third application involves the production of glass electrodes for pH and other
cation determinations. Glass electrodes are among the oldest chemical sensors™ for
determination of activities of certain ions, such as hydrogen ion and alkali metal cations.
Many different proprietary formulations of glass have been developed in order to control
the chemical selectivity of these electrodes.” When an ordinary glass electrode is used
for determination of pH in solutions containing high activity of alkali metallic cations, the
so-called "sodium error" results. It is the result of the breakdown of the selectivity for
protons that is caused by incorporation of alkali metal cations into glass. To suppress the
response of the electrode to sodium ion relative to hydronium ion, special glasses
containing a high concentration of lithium ion have been formulated.*® However,

processing of such glasses is more difficult and more expensive.

The processes by which the surface concentrations of certain desirable species are
controllably changed fall into the broad category of interface modification. In the case of
Li’, the enhancement of interface concentration is accomplished by heating the object in
molten Li salt,*’ by vacuum ion implantation, i.e., driving the accelerated Li" into the
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surface, or by adding a thin layer of specially formulated material to the substrate, by

thin-layer deposition techniques (e.g., sputtering) or thin-layer sol-gel deposition.**™
Each procedure has advantages and disadvantages related to the size and shape of the

object to be treated, temperature compatibility, collateral damage of the matrix, economy

of the process, and end use of the doped material.

In the course of investigations of solvation of lithium ion in a nitrobenzene/water

system, it has been observed that Li" is rapidly transferred from "wet" nitrobenzene into
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the hydrated, silica-containing walls of, for example, glass or quartz vessels. A hydrated
layer that exists at the surface of these materials'' attracts Li" from the organic phase.
This transfer is driven by the high standard molar hydration Gibbs free energy of lithium

ion (= AG*pyar = -481 kI.mol ™" at 25°C)."°

In this chapter, a simple procedure is described by which controlled lithium ion
doping can be accomplished by exposing the acceptor surface to an organic solvent
containing small amounts of water. It is likely that this principle can be extended to other
ions, solvents, and surfaces to be treated. In the case of lithium ion and glass, the process

can be described by simple ion-exchange equilibrium:

Li" (solution) + Na" (glass) = Li" (glass) + Na' (solution) (1)

In other words, the lithium ion in solution is exchanged for sodium ion in glass. This is a

dynamic equilibrium process described by the equilibrium constant K;.

K = arig) anags)/ aLis) aNae)  (2)

Activity of incorporated Li" in glass therefore depends on aticsolution), the activity of "free"
(i.e., nonsolvated) Li" in solution because Li" solvated by organic solvent molecules
cannot exchange into glass. If the solvent medium contains two or more types of solvent

molecules, the solvation sphere is mixed and a solvatomeric equilibrium is established:'
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Li" (s) + xH,0 + yORG = Li'(H,0)x(ORG)y 3)

The solvatomeric equilibrium constant, K is defined as:

Ks = arimoxoraGy / am20) (ORG) 4)

log aticglass) = A + 10g aLi(solution) — X10g at20) (5)

where the constant terms are:

A= pKl + sz + 10g ALi(solution) + 10g ANa(glass) — 10g ANa(solution) + leg A(ORG) (6)

The term log ar; (solution) 1N €q 5 represents the total activity of lithium ion present in the
organic phase. However, it is the "X log amo" term in eq 5 that dominates the Li"
exchange. Lithium ion is strongly solvated by water, relative to all organic solvents. The
standard free energy of transfer from nitrobenzene phase to water is AG’w.xg = -38
kJ.mol™ at 25 °C.%° Therefore, the incorporation of Li" is driven by the total activity of
solvated lithium ion present and by the activity of water in the organic phase. In other
words, as the activity of water in organic phase decreases, the activity of Li" in glass
increases. This phenomenon is analogous to the behavior of acidity (basicity) functions

. . . . 86
in mixed organic/aqueous media.

In this chapter, we report on partitioning of Li" between organic solvent and glass,
which can be used for controlled lithium ion doping. To determine the extent of Li"
doping, we have used laser-induced breakdown spectroscopy (LIBS), a semiquantitative
analytical technique that enables rapid, direct, and spatially and temporally resolved

elemental analysis of solids or liquids. The LIBS experiment is initiated by directing a
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high-power laser pulse onto the analyte; photon absorption by the sample creates
localized plasma that efficiently vaporizes, atomizes, and excites the atoms. The emission
spectrum from the plasma is composed of spectral lines characteristic of the elements
present in the sample. Its predecessor is spark-source emission spectroscopy.®’ The major
advantages of LIBS over other spectroscopic techniques are speed and simplicity of
analysis, spatial resolution, and minimal sample preparation. Because of these
advantages, LIBS has proven to be a widely applicable qualitative analysis method.*®
LIBS can be used for quantitative analysis provided that there is rigorous control of
experimental factors.” LIBS is an efficient method for obtaining semi-quantitative, three-
dimensional elemental profiles of samples. By rastering the laser pulse over the surface
and recording the emission spectrum as a function of position, one can readily obtain the
elemental distribution in the Xy plane. Depth profiling can be accomplished by simply
time gating repetitive laser pulses with spectral acquisition. Repeated pulsing of the laser

results in ablation of the sample and exposure of material to the next pulse.”

Only a few applications of LIBS for the analysis of lithium have been published.
Recently, Fabre and co-workers’' used LIBS to determine the lithium content of
geological samples. Synthetic glasses composed of lithium oxide in a silica matrix were
used as standards in determining the lithium content of different geological materials.

This approach afforded a detection limit of ~5 ppm.
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6.2 Experimental Section

6.2.1 Materials.

Lithium bromide (99.95%, Strem Chemicals) was used as received. Nitrobenzene
(NB; 99%, Acros Organics) was dried before use by molecular sieves (4A, Linde, Sigma-
Aldrich). Microcoverslips (25 x 25 mm) were purchased from VWR Scientific (Catalog
No. 48366 249). Polypropylene beakers, 50 mL in capacity, were obtained from VWR
Scientific (Catalog No. 47751-694). All water used was deionized to 18 MQ using a US-

Filter Modulab water system (US Filter, Warrendale, PA).

6.2.2 Procedures.

Saturated solutions of LiBr in water were prepared by adding LiBr to deionized
H,O until solid salt remained. For preparation of "wet" NB solution of LiBr, 5 mL of
saturated aqueous solution was added to 20 mL of nitrobenzene. The two-phase mixture
was magnetically stirred for 24 h. The phases were allowed to separate for 3 h, and after
that, 5 mL each was transferred to several clean vials and then 3 mL of solution from
each vial was transferred to 50-mL polypropylene beakers. The microcoverslips were
then submerged in the LiBr/NB/H,0O solution so that both sides of the coverslip were in
contact with the solution. The beakers were then sealed with Parafilm, and each solution
remained in contact with the coverslip for the appropriate contact time. Microcoverslips
were then removed from solution and rinsed first by immersion for 10 s in 10 mL of
acetone followed by rinsing for 5 s by a jet of acetone along each side of the coverslip.

Acetone is miscible with nitrobenzene, permitting removal of solvated LiBr present on
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the coverslip. Acetone does not, however, significantly dissolve LiBr. This reduces the
risk of removing surface-sorbed lithium ions. Coverslips were allowed to air-dry for 1 h
before commencement of analysis by LIBS. The equilibrium concentration of Li" in wet
nitrobenzene solution was determined by atomic absorption spectroscopy to be 8.9 x 107

M. Saturated concentration of water in pure nitrobenzene is 170 mM.'°

6.2.3 Instrumentation

An Ocean Optics Inc. LIBS 2000+ instrument was used herein. This instrument
enables the acquisition of high-resolution (0.1 nm) atomic emission spectrum over the
range 200-980 nm. A Q-switched Nd:YAG laser (Ultra Big Sky Laser) high-energy laser
pulse (50 mJ and duration of ~10 ns) is focused onto the sample by a 50-mm convex lens.
A bundle of 600-m-diameter fibers collect emission from the plasma spark. A lens in
front of the fiber bundle ensures that the plasma spark is sufficiently defocused that each
fiber collects the same emission and eliminates spatial effects. Each fiber is connected to
an individual grating monochromator that spatially disperses the emission onto a linear
diode array detector. The data from each array is processed by the instrument and
displayed. All spectra were collected with a 3.5-s delay and a 2-ms integration time.
Spatial profiling of the elemental composition of the sample was achieved with an Xx-y
translation stage. Each microcoverslip was securely taped to the translation stage of the

instrument to avoid sample movement between laser shots.

Initially, many different combinations of laser energy and number of shots were
attempted with clean, as-received micro cover glasses. This was performed to realize the

technique that gives rise to the most reproducible LIBS response for known elements in
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the glass. Consequently, all LIBS spectra were obtained from four laser shots, with the
maximum energy setting of 10 (corresponding to 50 mJ/shot). Each displayed spectrum
corresponds to the fourth laser shot taken. After completion of LIBS studies, the ablated
areas of the glass were analyzed by profilometry. All profilometric traces were acquired
using the Sloan Dektak 3 ST surface profilometer with Dektak 3 ST software. (Veeco

Instruments).

6.3 Results

6.3.1 Laser Induced Breakdown Spectroscopy

Figure 6.1 shows two LIBS spectra, consisting of atomic emission intensity as a
function of wavelength. Panel A shows the LIBS spectrum of a clean, untreated micro
cover glass. The sodium content is clearly displayed by the two peaks (1 and 1') at ~589
(doublet, 3s - 3p, maximum arbitrary intensity 8.0 x 10*) and ~819 nm (triplet, 3p - 3d,
maximum arbitrary intensity 8.8 x 10°). The absence of any significant Li peak supports
the manufacturer's chemical composition data, which indicate that no lithium species are
initially present in the micro cover glasses. Panel B shows the LIBS spectrum of a
chemically identically micro cover glass exposed to a solution of LiBr in "wet"
nitrobenzene for a total of 24 h. The Na peaks 1 and 1' have near-identical response to
those in panel A. However, a significant Li transition peak (peak 2) is now observable at

671 nm (doublet, 1s*2s - 1s*2p, maximum arbitrary intensity 3.6 x 10°).
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Figure 6.1 LIBS spectra of micro cover glasses: (A) clean, untreated cover glass; (B)
cover glass exposed to "wet" nitrobenzene solution containing LiBr, for 24 h. Peaks 1, 1'
correspond to Na' transitions at 589 and 819 nm. Peak 2 corresponds to a Li transition at

671 nm.**
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Many different combinations of laser energy and number of laser shots fired were
tried in an attempt to find a reproducible experiment. It was rationalized that after
exposure to the LiBr in "wet" nitrobenzene solution, the ratio of Li to Na measured
should be similar across one side of a single microcoverslip. As such, for each
combination of laser energy and number of shots, the ratio of Li transition peak (671 nm)
to Na transition peak (589 nm) was recorded, and after 10 LIBS measurements were
made across the sample, the relative standard deviation of this ratio was calculated. This
practice was repeated for each combination. The condition leading to the lowest standard

deviation of results was to fire four laser shots at an energy of 50 mlJ.

6.3.2 Profilometry

Profilometric studies were conducted on all samples in an attempt to explain the
variance in the Li/Na ratio in single samples. Figure 6.2 shows four profilometric traces
of holes created with these optimized conditions. It is clear that there are still significant
variances in depth and shape of the ablated area, even when care is taken to ensure that
the stylus follows the same path through each "hole" (through the greatest diameter of the
hole). Thus, the variation in the mass of the ablated sample appears to be the main reason
for the relatively large standard deviation. Figure 6.3 is a plot to show variation of Li
content in a micro cover glass as a function of exposure time to LiBr in "wet"
nitrobenzene. At each exposure time, 10 LIBS experiments were performed (4 laser shots
at energy 50 mJ) and the ratio of Li (670 nm) to Na (588 nm) atomic emission responses
was calculated for each experiment. The data points on this plot represent the average of

the 10 ratio values.
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Figure 6.2: Profilometric traces of the craters created by the laser pulse in the coverslip.
The trace was done always in the equatorial position (panel A). The variability in the

diameter and in the depth of the craters accounts for the relatively large standard

deviation of the signal.
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Figure 6.3: Dependence of the amount of Li" (relative to Na") as a function of exposure

time.
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6.3.3 Atomic Absorption

The depletion of Li" from the known volume of nitrobenzene mirrors its uptake
by the glass. Standard size coverslips (A = 6.25 cm?) were immersed in 3.00 mL of 8.9 x
10° M LiBr contained in polypropylene beakers, for variable amounts of time. The
concentration of remaining Li was determined by atomic absorption spectroscopy. The

result shown in Figure 5.4 confirms the partitioning process.

10

[LiBr] /10 M

10 20 30 40 50 60 70 80

Exposure time (min)

Figure 6.4: Depletion of Li" from 3.00 mL of 8.9 x 10° M LiBr by immersion of glass

coverslips (A = 6.25 cm®) as a function of contact time.
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CHAPTER VII

CONCLUSIONS

7.1 ITIES Studies

The original scope of this thesis work was to elucidate kinetics of ion transfer at
the Interface of Two Immiscible Electrolyte Solutions (ITIES). The use of NMR to probe
solvation is not new, but since NMR techniques require a homogeneous phase for
measurement, observation of ions transferring across a liquid interface is usually not
possible. In the work described in chapter I, we used molecular beads to suspend one
phase inside the other, creating a paste wherein the two phases are in intimate contact.
The kinetics of the equilibrium exchange of most ions between water and nitrobenzene,
determined electrochemically is known to be very fast (k ~ 10" c¢m s). This has been
confirmed by conducting an in situ 2D NMR experiment on the ‘bead system’, which
consisted of LiBr,q) contained within polystyrene beads and subsequently suspended in a
bulk nitrobenzene phase. It appears that both very slow (on the scale of days) as well as
very fast (milliseconds) processes are involved in the exchange of lithium ion between

nitrobenzene and the aqueous phase.

Following the 2D NMR experiment, 1D "Li NMR experiments were conducted on
the same bead experiment with hope of identifying solvation states of nitrobenzene that
are involved in the transfer process. Unfortunately, heterogeneity of the sample led to

broad resonances which obscured information on solvation states of lithium. Due to the
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interference effects of the sephadex beads, the focus of the work shifted onto the study of
the homogeneous ‘wet nitrobenzene’ phase, consisting of aqueous lithium salt dissolved
in the nitrobenzene phase. In effect, this enables the study of the lithium species once it
has already cross the ITIES into nitrobenzene, enabling us to answer the question: does
the lithium retain its original solvation state in a metastable arrangement or exchange it

with the bulk nitrobenzene?

7.2 Solvation of lithium in ‘wet nitrobenzene’ phase

Lithium ion profoundly affects the overall behavior of the NB/water system. Due
to its high affinity for water Li" promotes transfer of water into NB. The coextraction of
water into NB was determined by the Karl Fisher titration and the hydration numbers of a
series of anions have been determined from spin—lattice relaxation times measured by 'H
NMR.'® It has been found that six water molecules are associated with a lithium ion and
two with a bromide ion. Since the two ions do not appear to form an ion pair there are at
least eight moles of water bound by one mole of LiBr in ‘‘wet’’ nitrobenzene. With Li"
concentration being determined as 1.43 x 10° M and water concentration 60 mM there

appears to be an excess of water to fully hydrate the LiBr salt.

The 1D 'Li NMR results indicate that hydrated Li" in wet NB exists as a
metastable species which slowly exchanges its solvation sphere through a series of
equilibria involving multiple solvatomers over a period of days. The striking observation

is the gradual merging of the two, initially well-resolved NMR resonances into one broad
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peak that can be reversed by mechanical disruption (sonication). The slow changes
attributable to solvation shell reorganization have not been observed or reported in 'H-
NMR studies of the Li"/NB/water system. It is not surprising because there is a much
higher molar concentration of water in NB than of the lithium ion and the slow changes
on the proton NMR signal originating from the hydration water of Li" are obscured by
the excess, “‘free’’, uncoordinated water. It is interesting that where heating, microwave
radiation and refluxing could not reverse the merging of the resonances, sonication could.
However, if we consider that the slow forming species may be a large aggregate of water,
approaching the um range, such sonic energy would be deposited at the interface between
the micro-sized water droplets and nitrobenzene, explaining how effective sonication is at

disturbing the system.

Addition of LiClOy4 in place of LiBr gave immediate advantages in the study of
solvation states. The concentration of LiClO4 has a maximum of 9.52 x 10'4M, as
determined by atomic absorption spectroscopy. This is compared to 1.43 x 10° M for
lithium bromide. This significantly increased the signal to noise ratio of resulting "Li
NMR spectra, revealing resonances not visible in the LiBr studies and paving the way for
kinetic studies of solvatomer evolution. Results suggests that at least three distinct but
interconnected solvation states of lithium exist in the wet NB phase containing Li" and
can be observed using 'Li as a NMR probe. A resonance at approximately 1.17 ppm is
always observed in the system LiX/wet nitrobenzene. This resonance appears irrespective
of anion type and is not affected by external perturbation of the equilibrium. This

solvatomer has a similar chemical shift to LiClO4 dissolved in dried nitrobenzene and as
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such was deemed to be lithium solvated by a solvation sphere of majority nitrobenzene.

This species is termed Ling.

An intermediate  “metastable” solvatomer exists in the system
LiBr/H,O/nitrobenzene, and can be induced where less hydrophilic salts are used by
cooling or on addition of small aliquots of water. The position of this peak is always
approximately at 0.75 ppm. When considering that LiClO4xq) and LiClO4ng) produce
resonances at ~ 0.4 ppm and 1.2 ppm respectively it is likely that this intermediate
resonance results from lithium cation in a mixed solvation shell of water and

nitrobenzene. This species is termed Ling/w.

A third resonance at ~ 0.4 ppm appears after addition of SpL LiClO4q, imm) to
LiClO4/wet NB solution. An identical peak “grows” over a 12 hr period if the LiClO4/wet
NB solution is cooled in the presence of glass wall. These observations suggest that this
third solvatomer is lithium solvated mostly by water, possibly nucleated on the glass
surface since the presence of glass appears to be essential for observation of this peak.
(the resonance is not present in experiments with Teflon lined tubes). This species is
termed Liw. On comparing the most upfield peak at 0.4 ppm to the spectrum of 20mM
LiClOy@q) (Fig. 2.6) the two spectra are very similar. This indicates that the amount of
water solvating lithium is sufficient so that there is no appreciable effect of the bulk

nitrobenzene on the 'Li resonance shift.
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In the initial 'Li NMR experiments with LiBr/nitrobenzene/water, formation of
multiple solvatomers of lithium in wet nitrobenzene was observed without a
“supersaturation” step, by addition of water or by cooling. Lithium bromide is more
hydrophilic than lithium perchlorate based on the relative positions of the anions in the
Hoffmeister series. To fully understand the importance of the anion on the lithium
environment in wet NB, we employed a lipophilic lithium salt, Lithium undecamethyl
carba-closo-dodecaborate (LIHCB;;Me;). It was dissolved in both dried nitrobenzene
and wet nitrobenzene. The concentration of this salt in wet NB was restricted to 1mM to
be of the same order of concentration as LiClOy4 in wet NB (9.52 x 10*M). The resulting
"Li" spectrum showed a single resonance at 1.17 ppm which did not change upon cooling
to 290K. This implies that with such a lipophilic anion, the lithium cation favors the
predominantly nitrobenzene solvation shell. The type of the anion plays a key role in the
solvatomers which can be observed in wet NB. If the lithium salt is highly hydrated (such
as LiBr) multiple solvatomers can be observed by 'Li NMR without perturbation. If the
salt is moderately hydrated (such as LiClO4) addition of aqueous phase or cooling will
result in formation of solution which is supersaturated with water and thus observation of
LiXnew) and LiXw) solvatomers occurs. If the salt is highly lipophilic (such as

LiHCB;Me,) perturbation of LiX/wet NB solution fails to reveal multiple solvatomers.

The slow reorganization of the Li /nitrobenzene/water system can be represented
by the scheme in figure 7.1 below. As seen in figure 2.9 the decay of metastable Ling/w)
solvatomer is governed by first order kinetics. So is the increase of the Ling) solvatomer .

However, the increase of the Ling/w) peak follows adsorption kinetics, corroborating the
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effect of the glass wall. Apparently, one fraction of the Lingw) loses nitrobenzene from
its solvation shell and condenses on the hydrophilic glass wall while the other fraction
loses water and reverts to the Ling) solvatomer. When the experiment is performed in the
Teflon liner some Ling/w) reverts to Ling) but no Liww) is observed. It is interesting to
compare the experiments done in the presence of a glass wall and in it its absence. After
approximately the same period of time (e.g. 11 hours) the Lingw) solvatomer has
completely disappeared in the case of the glass wall (Figure 2.8) while it remains in its
50% concentration in the Teflon tube (Figure 2.10). The glass wall clearly facilitates the
decomposition of the Lingw) solvatomer. The "wall effect" can be also considered from
the point of view of interfacial electrostatics. lons dissolved in the medium of high
dielectric constant are repelled from the interface with a solid of lower dielectric constant,
such as Teflon in our case. Therefore, the concentration ofLingw) at the
Teflon/nitrobenzene interface is much lower due to this repulsion and the break-up of the
mixed solvation shell does not take place. A reverse effect takes place at the hydrophilic

glass/NB interface which then actively participates in the destruction of the solvatomer.
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Figure 7.1: The slow reorganization of the Li /nitrobenzene/water system. T, indicates
room temperature and T indicates cooled solution.

7.3 Effect of lithium species on water bonding

As discussed above, the identity of the anion plays a key role in the solvatomers
which can be observed in wet NB. If the lithium salt is highly hydrated (such as LiBr)
multiple solvatomers can be observed by 'Li NMR without addition of water aliquots or
cooling. If the salt is moderately hydrated (such as LiClO,4) addition of an aqueous phase
or cooling will result in the formation of a solution which is supersaturated with water
and thus the observation of LiXng/w) and LiX(w) solvatomers occurs. If the salt is highly
lipophilic (such as LiHCB;;Mey;) cooling of the LiX/wet NB solution or addition of
water fails to display multiple solvatomers. It was clear that the addition of lithium salt,
and the identity of the anion, has a bearing on the solvatomers observed, but this effect

could merely be due to differing amounts of water co-extracted into the nitrobenzene. To
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assess whether the lithium species had a more substantial effect on the bonding within the

solvatomers, the bonding between water molecules was probed.

This effect of lithium salts on the bonding of water in nitrobenzene was studied by
FT-IR experiments, detecting the amount of free water in a Li'/wet NB system. Systems
where the Lingw) or Liw, states are difficult or impossible to form tend to have more

free water in the NB phase.

Adding LiBr to wet Nitrobenzene lead to a system where the amount of free water
is almost not detectable by FTIR. In contrast, when more lipophilic anions such as ClO4
and HCB;Me;;” were used, a detectable amount of free water remained dissolved in the

nitrobenzene. This effect increases with the hydrophobicity of the anion.

From our NMR findings we expect that Li" in LiHCB;Me,;/wet NB is only
present as the Li (vg) solvatomer. In an ideal situation, the addition of (LiHCB;Me;)
should therefore not affect at all the presence of free water as detected by IR. However,
while IR data suggest that the water binding of LIHCB,;Mey; is reduced in comparison to
Li-salts with more hydrophilic anions, they still provide evidence of this binding effect.
Also, it has been shown that for LiClO4 cooling for extended amounts of time of wet Li
NB solutions leads to the formation of hydrated Liw) or Liwmngs) species, which must
have been formed from Li+(NB) species. The NMR data suggest that ca. 30% of Ling) will
be converted into hydrated Li" species (cf. for instances the peak intensities in Fig. 2.8).

Observing the effect of temperature on a similar system using FT-IR exhibits only a
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minor effect as to the release of free water (c.f. Figure 4.3). Hence, free water in NB
appears to be not only affected by the hydration states of Li", other factors such as the
identity of anion have to be of major influence as well. To summarize the FTIR findings,
the lithium salts increase hydrogen bonding character of the water phase, with decreasing
effect as the anion becomes more lipophilic. In the extreme, LiBr reduces free water

content of the system effectively to zero versus a background of dried nitrobenzene.

Neutron vibration studies have added further evidence to the idea that addition of
lithium bromide to water-saturated nitrobenzene results in a change in the hydrogen-
bonding character of water. Overall, for the vibrational modes of ‘free water’, some of
the modes are decreased and some increased by the addition of lithium bromide.
Irrefutable, however, is the disappearance of intensity in the vibrational spectrum at 175
and 220 cm™' (figure 5.1), indicating a large change in the hydrogen bonding character on
addition of LiBr. This supports the FTIR results. The FTIR and neutron scattering results
jointly suggest that addition of lithium salts to ‘wet nitrobenzene’ has an affect on the
state of water. The more hydrophilic the anion, the greater the hydrogen bonding of the
water around the salt explaining the increasing number of solvation states observable in

the 'Li NMR spectra as we move from LiHCB;;Me,;, to LiClO4 to LiBr.

7.4 Role of Lithium in solvatomer formation

It has been proven that lithium salts, dependant on the identity of the anion, are

capable of promoting hydrogen bonding in water dissolved in nitrobenzene. This does
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not, however, prove our initial thoughts that lithium salts can promote formation of large
water aggregates in the nitrobenzene. The result only has implications of the nature of
water bonding. While it is clear that lithium salts increase the number of observable
solvation states in wet nitrobenzene, it was difficult to know if these states were actually
created by addition of lithium. The drawback of the 'Li NMR experiments was that the
presence of lithium as a reporter ion is essential. As such, it was impossible to determine
the state of water dissolved in the nitrobenzene without a lithium salt present. The use of
deuterium as a reporter ion provided further evidence that multiple solvatomers can be
observed in the Li/nitrobenzene/water system studied. This technique has provided a
method by which to compare water organization in nitrobenzene with and without the

presence of lithium species.

Without cooling or addition of water aliquots, only one peak was observable in the *H
NMR spectra. This peak appeared at ~-2 ppm versus a pure D,O sample that was
calibrated to Oppm. This peak shifted downfield towards zero on cooling and addition of
LiX salts. We can conclude from this that Li" promotes the formation of aggregate water
solvatomers such as Lingw and Liw. As the number of these solvatomers increases, the
average NMR shift observed becomes more similar in character to the calibrant, D,0.
However, addition of a SuL aliquot of D,O to nitrobenzene without LiX salts revealed
three solvatomers analogous to those from the 'Li experiments. This means that even
though Li" promotes the formation of multiple solvation states, these states exist to some
degree in the absence of lithium, especially if the water content is increased to the level

of precipitation.
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Kinetic studies have supported previous reports that perturbation of the system by
addition of water aliquot leads to three solvatomers that undergo a slow dynamic
exchange over 180 minutes following addition of water. The main feature of these
kinetics appears to be the appearance and subsequent decomposition of a metastable
solvatomer consisting of Li" solvated by a mixture of water and nitrobenzene. As this
species decomposes, the resulting “free” water appears to be incorporated in the species
we have termed Ling and Liw. These are solvatomers comprising a majority of

nitrobenzene and water, respectively.

Diffusion ordered spectroscopy has elucidated diffusion coefficients and
hydrodynamic radii for water dissolved in nitrobenzene. Addition of lithium to the
system has a negligible effect on both. It was noted that the hydrodynamic radius of water
species in nitrobenzene Ling) is somewhat smaller than that of bulk water. It was
observed that the solvatomer Ling/w) has a similar hydrodynamic radius to that of bulk
water. The major conclusion from the DOSY studies is that while addition of lithium to
wet nitrobenzene may result in increased hydrogen bonding and promotion of aggregate
formation, it does not have a significant effect on the size of water aggregates, but instead

affects only the bonding of water.

7.5 Lithium incorporation into glass

It is not generally appreciated that any oxide surface that is exposed to "wet"

organic phase will rapidly adsorb lithium and possibly other ions. As long as there is the
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aqueous phase containing a large molar excess of Li", the equilibrium at the liquid/liquid
interface is not likely to be affected. Our discovery that the Li" uptake by the glass walls
of the vessels used in the experiments can be used for doping purposes was purely
serendipitous. However, it is obvious that nitrobenzene can be replaced by other, less
toxic and more environmentally friendly organic solvents, as long as they satisfy the
requirement of large negative Gibbs free energy of transfer to water. Similarly, other ions
with large standard free energy of hydration, such as Mg®", Ca*", or AI’", can be
incorporated into a hydrated layer of the solid from a suitable mixed aqueous/organic
solvent. The available databases of solvation energies and standard Gibbs free energies of

92,93
transfer’™

can aid the design of appropriate experimental doping conditions. Laser-
induced breakdown spectroscopy is an efficient and effective tool for monitoring such

experiments.

The main feature that distinguishes the mixed solvent ion doping process from
other forms of surface modification by ions is the mild condition under which the ions are
introduced to the surface of the solid material. There is no collateral damage to the matrix
of the recipient material, as would be experienced in, for example, ion implantation. The
treatment is done at room temperature and involves a relatively short exposure of the
surface to organic solvent containing dopant ion (here lithium ion) salt. This is important
in applications where elevated temperature could cause delamination due to mismatched
thermal expansion coefficients of, for example, laminated and composite materials. The
length of the exposure varies from solid to solid and depends also on the depth of the
doped zone. The exposure is typically in tens of minutes. It is controlled primarily by the

mole fraction of water in the organic solvent.
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Besides the mild treatment conditions, another advantage is that it is possible to
treat geometrically convoluted surfaces and localized areas. That is certainly not the case
for other doping methods such as ion implantation or spin-on sol-gel process. Finally, the
process is very economical because the source chemicals are inexpensive, can be
recycled, and no expensive equipment is necessary. Investigations of other

solvent/ion/interface systems are desirable.

7.6 Summary of findings

There exist three major water environments when water is dissolved in
nitrobenzene. “H NMR proves that these solvatomers exist irrespective of whether
lithium salt is added to the system. 'Li NMR experiments suggest that the first
solvatomer is majority nitrobenzene, the second a mixed solvation shell consisting of
some ratio of nitrobenzene and water and the third solvatomer is large water aggregate of
immobilized water on glass surface. The mixed solvation state is short lived and can be
promoted by addition of water aliquot of by supersaturating the system upon cooling.
This is a high energy state and will decay either back into the homogenous bulk NB state
or to the surface of the glass wall, depending on if there is a glass surface present. In the
"Li NMR experiments, the hydrophobicity of the salt, determined by the anion, effects the
relative intensity of the three 'Li resonances. This makes sense, since the hydrophobicity

dictates which of these three solvation states is preferred by the salt.
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Addition of lithium serves to promote hydrogen bonding in the majority
nitrobenzene solvatomer, as confirmed by FTIR and neutron diffraction studies. There is
no evidence that it has effect on the size of the mixed solvatomer or the water aggregate
immobilized on the glass surface. A reasonable hypothesis is that lithium exchanges
between the water species which are formed independent of lithium involvement. The

system can be summarized as follows:

Below critical water concentration (~200mM) nitrobenzene/water is a
homogeneous distribution of water molecules in nitrobenzene. Addition of lithium salt to
such a system has two main affects. First, the lithium promotes hydrogen bonding
between the dissolved water molecules, as confirmed by FTIR and neutron scattering.
Second, the hydrogen bonded water may precipitate causing microheterogeneity of the
system, leading to a second resonance observed in both the “H and 'Li NMR spectra
(Ling/w)- In the presence of glass, a third solvation state can nucleate at the glass surface,
this solvation state has character even closer to that of bulk water (Liw). These two
supplementary solvation states can be artificially induced by either adding aliquots of

water or cooling.
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CHAPTER VIII

FUTURE WORK

Through use of ’H, 'Li NMR, FTIR, Atomic Absorption and Neutron Scattering,
we have added to the information known about the solvation environments of salts in a
mixed water/organic system. It is likely that some or all of these techniques used could
add useful information on other relevant mixed solvent system such Room Temperature
Ionic Liquids (RTILs) a field of study which is attracting considerable interest, not least

for use in batteries.”””’

Room-temperature ionic liquids are rapidly increasing in popularity as a topic of
research. This is due to their unique solvent properties, for example low volatility, high
chemical, thermal, and electrochemical stability, high ionic conductivity, and
hydrophobicity.”® These properties make them very plausible electrolytes for use in
electrochemistry applications like electrodeposition, light-emitting electrochemical cells,
electrochemical capacitors, fuel cells, and batteries.”® Lithium-ion batteries using such
electrolytes have excellent performance at temperatures as low as 313 K.*’ The use of
RTILs as electrolytes for supercapacitors has also been demonstrated.”” Mixtures of
room temperature ionic liquids with lithium salts, LiX are predicted to improve the
performance of supercapacitor electrolytes.”” Although RTILs are purely ionic, the anion
and cation of the liquid are not typically electroactive in the lithium battery. As such,
addition of lithium salt to the RTIL is required if it is to be used as a medium for the

battery.
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One of the issues surrounding this addition of lithium salt is a lack of
understanding of solvation environments with the liquid.** The solvation of lithium in the
system, both by the ionic liquid itself and dissolved water has implications on the
conduction mechanism for the lithium species. Experiments must therefore be designed
to probe the solvation environments of lithium in mixed systems of RTILs and water. The
structure of water in RTILs has been probed by observing OH stretches in FTIR.*’ There
is no structural information available on the mixed system LiX/RTIL/water. Future work
will involve conducting *H and "Li NMR studies on such a system to assess the solvation
environment of lithium. The potential for these experiments are extensive due to the
number of RTILs available by varying anion and cation of the liquid itself. This may lead
to experiments where the solvation environment of lithium is observed as a function of
changing water content of the ionic liquid. Customizing the ionic liquid leads to a large

range of hydrophobicity of the liquid.
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