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adsorption of target ions at electrochemical interfaces. Herein, we
report a joint experimental and theoretical investigation of the
structure, stability, and selective adsorption properties of IL clusters
1-ethyl-3-methylimidazolium chloride [EMIM],[Cl],,,” (x =1
—10) and demonstrate their ability to adsorb and separate

ions from solution. The structure and stability of the IL clusters are determined experimentally using high-mass-resolution
electrospray ionization mass spectrometry, collision-induced dissociation, and negative-ion photoelectron spectroscopy. Global
optimization theory and ab initio molecular dynamics simulations provide molecular-level insights into the bonding and structural

Selective Electrode
Functionalization

fluxionality of these species. Ion soft landing is used to selectively functionalize the surface of highly oriented pyrolytic graphite

(HOPG) working electrodes with [EMIM],[Cl],~, [EMIM];[Cl],~, and [EMIM],[Cl]4™ clusters. Kelvin probe microscopy provides
insi%hts into the relative stability of the clusters on HOPG and their effect on the work function of IL-functionalized electrodes.
Cyclic voltammetry measurements reveal the irreversible adsorption of Fe(CN)s*/*” anions during redox cycling, while
electrochemical impedance spectroscopy indicates a substantial decrease in the electron transfer resistance of the IL-functionalized

electrodes due to adsorption of Fe(CN)s*/3~. Overall, our findings demonstrate that IL clusters with different sizes and

%tloichiomletry may be used to increase the efficiency of electrochemical separations, opening new horizons in selective electrode
nctionalization.

INTRODUCTION

Ionic liquids (ILs) are a subset of molten salts composed of
organic cations and (in)organic anions with melting points
commonly below T = 373 K. The distinguishing and often
desirable properties of ILs, such as their low vapor pressure,
high ionic conductivity, high thermal and chemical stability, and
a wide stable electrochemical potential range,"” have generated
increasing attention to these chemicals for applications in
energy storage,””’ electrochemistry,® cataly-sis,”"°
separations,'"'>  designer/green  solvents,”> and  space
propulsion technology.'* The physicochemical properties (e.g,
melting point, surface tension, viscosity, and water miscibility)
of ILs span a broad range and are dependent on the type of
anion and/or cation constituting the liquid.'> Due to the vast
structural diversity of different ion pairs that form ILs, a unique
opportunity exists to tune the physical and chemical properties
of ILs for specific tasks.'®'” However, rational design of task-

specific ILs requires a fundamental understanding of the
interactions between cations and anions as well as how the

structure of ILs evolves from the nano- and meso- to bulk-

scale. Indeed, the increasing number of models used to describe
ILs suggests that they form con}glezx structures at different
length scales from supramolecular'™>* (e.g., ion pairs and ion
clusters) to mesoscopic24_26 (e.g, H-bond networks, micelle-
like phases, and bicontinuous morphologies).

Selective and efficient separation of target ions from solution
is an important scientific challenge that is crucial to addressing
global issues in energy production and consumption, environ-
mental remediation, and energy efficiency in industry.””>* As
the world population increases, separation processes will
become an essential component to developing a sustainable
future by providing clean water and extracting natural

. 30,31
resources for energy storage and manufacturing.””" Electro-
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chemical separation processes provide a sustainable platform

for addressing water purification and wastewater treatment.

Electrochemical approaches offer several advantages over
traditional methods, such as fast kinetics, control through

electric potential, reusability, and modularity.>*~>* Further-
more, they generally require no additional chemicals during the
regeneration stage and do not produce waste. It has been
demonstrated that surface functionalization of electrodes may
improve their selectivity and efliciency toward, electrochemical
adsorption of target ions and molecules.” ”" For example,
Wadhawan et al. observed the selective uptake of aqueous
Fe(CN)4*™ into thin films of 1-methyl-3-(2,6-(S)-dimethyloct-
en-2-yl)-imidazolium tetrafluoroborate deposited on a working
electrode surface.” Desolvation of target ions at the electro-
chemical interface is one of the important energy-intensive
processes that may be facilitated by the introduction of

hydrophobic domains.>**® ILs with different chemical
functionalities may offer a path for modulating the hydro-
phobicity and desolvation/adsorption processes of ions at
electrode interfaces, thereby enabling energy-efficient and
selective electrochemical separations.””*"** However, under-
standing the molecular-level interactions between IL anions
and cations that govern their larger scale structure, reactivity,
and stability at interfaces is essential to developing new
electrodes with tailored properties for ionic and molecular
separations.

In this study, we investigate the formation and properties of
anionic 1-ethyl-3-methylimidazolium chloride
[EMIM],[Cl],,;” (x = 1-10) IL clusters and their suitability
for enhancing the electrochemical adsorption and separation of
ions from solution employing a combination of experiments
and theory. First, we explore the size-dependent abundance
and stability of anionic IL clusters in the gas phase where
complicating factors present in the condensed phase, such as
solvation, counter ions, and contaminants, are eliminated. The
formation of IL clusters in solution is examined using high-
mass-resolution electrospray ionization mass spectrometry
(ESI-MS), and their structures and relative stabilities toward
dissociation are determined using collision-induced dissocia-
tion (CID) and the state-of-the-art global optimization
theory.” Second, we obtain insights into the size- and
composition-dependent electronic structure of IL clusters
[ie, electron binding energies (EBEs)] and benchmark our
theoretical calculations using negative-ion photoelectron
spectroscopy (NIPES). Third, we use electrostatic potential
(ESP) maps calculated for the optimized structures of the
[EMIM],[CI],,,” (x = 1=5) IL clusters to visualize favorable
interaction sites for ion adsorption. Fourth, we use the insights
obtained from the gas-phase experiments and calculations to
prepare a set of IL-functionalized electrodes by soft-landing
(SL) mass-selected [EMIM],[Cl],,;” (x = 1, 3, and S) IL
clusters onto the surface of highly oriented pyrolytic graphite
(HOPG). We measure the work function of the soft-landed IL
clusters on HOPG wusing spatially resolved amplitude
modulation Kelvin probe force microscopy (AM-KPFM).
Finally, we investigate the ion adsorption properties of the IL-
functionalized electrodes and demonstrate the applicability of
size-selected IL clusters to tune the adsorption properties of
electrodes for efficient separation of ions from solution using
cyclic voltammetry (C\})) and electrochemical impedance
spectroscopy (EIS). Collectively, our results show that the
size and structure of IL clusters play a dominant role in
determining the energy barrier for ion desolvation/adsorption

and interfacial charge transfer, thereby providing a path for
improving selective ion adsorption on functionalized electrodes
during electrochemical separations.

EXPERIMENTAL METHODS

Mass Spectrometry. Mass spectra of the anionic IL clusters were

collected in the negative ion mode using a Thermo LTQ Orbitrap XL
mass spectrometer equipped with an Ion Max atmospheric-pressure
ionization (API) source operated in the ESI mode (Thermo Fisher
Scientific, San Jose, CA). The mass spectrometer was operated over a
mass range of 75—1600 m/z with the following settings: spray voltage,
—3.5 kV; sheath gas flow, 20 units; capillary inlet temperature, T = 150
°C; capillary voltage, —7 V; tube lens voltage, —70 V; and
radiofrequency (RF) voltage peak-to-peak amplitude, 400 V. The
instrument conditions were carefully optimized around the
[EMIM],[Cl]s” peak at m/z = 1061. We found that by tuning the
instrument around a peak in the middle of the mass spectrum, the total
abundances of the high-mass ions may be increased substantially with
little effect on the relative abundances of the ions compared to one
another. The voltage gradient between the capillary exit and tube lens
was also adjusted to minimize in-source fragmentation of the ions. A
sample [EMIM][CI] solution was prepared with a concentration of
10 mM in methanol and introduced into the instrument through the
API source using a syringe pump at a flow rate of 10 4L /min. CID
measurements were performed by isolating individual charged clusters
in the ion trap with an isolation window of Am/z = 10 and using N, as
an inert neutral collision partner to induce unimolecular dissociation.
During CID, m/z isolated ions in the ion trap are kinetically excited
with electric fields and collide with Hure N, gas molecules leaked into
the mass spectrometer. Multiple collisions convert the kinetic energy
of the ions into internal vibrational excitation, which ultimately results
in bond dissociation and formation of characteristic fragment ions. The
relative stability of the parent cluster ions may be ascertained by
analyzing the energy dependence of different ion fragmentation
pathways.™

Negative-lon Photoelectron Spectroscopy. NIPES spectra of
the anionic IL clusters were obtained using a magnetic-bottle time-of-
flight (TOF) photoelectron spectrometer combined with a home-
made ESI source and a temperature-variable cryogenic ion trap.” The
[EMIM],[Cl],,,” clusters were generated by spraying a ~0.1 mM
methanolic solution of [EMIM][CI] in the negative ion mode. The
resulting anions were transported using an RF quadruple ion guide
and first detected using a quadru}iole mass spectrometer to optimize
the ESI conditions to ensure stable and intense anion cluster beams.
The anions were then directed using a 90° bender into the cryogenic
3D ion trap, where they were accumulated for 20—100 ms and cooled
by collisions with a cold buffer gas (20% H, balanced in He) to the
desired temperature of 20 K before being pulsed out into the
extraction zone of the TOF mass spectrometer for mass analysis at a
repetition rate of 10 Hz. Each anion of interest was mass-selected and
decelerated before being photodetached by a 157 nm (7.866 eV,
Lambda Physik CompexPro F,) laser beam in the interaction zone of
the magnetic-bottle photoelectron analyzer. The probe laser was

operated at a 20 Hz repetition rate with the anion beam shut off on
alternating laser shots to afford shot-to-shot background subtraction.
The resulting photoelectrons were collected at nearly 100% efficiency
in the magnetic bottle and analyzed using a 5.2 m long electron flight

tube. Recorded flight times were converted into calibrated kinetic
energies. EBEs were obtained by subtracting the electron kinetic

energies from the detachment photon energy with an energy
resolution (AE/E) of about 2% (ie, ~20 meV for 1 eV kinetic
energy electrons).

lon Soft Landing. SL of anionic [EMIM],[Cl],,,” IL clusters was

conducted by employing a custom-built high-flux ion deposition

instrument that has been described in detail elsewhere.*”*® Briefly, IL
cluster anions were generated through ESI, introduced into vacuum

using a high-transmission dual electrodynamic ion funnel interface,
radially focused in a collision quadrupole, mass selected using a

quadrupole mass filter, deflected 90° by a quadrupole bender, and



transferred to the surface through two einzel lenses in series. The
HOPG substrates were mounted on a conductive stainless-steel
bracket connected to a high-resistance electrometer (Keithley 6517A,
Keithley Instruments, Cleveland, OH). The ion current was measured
continuously throughout the deposition to accurately determine the
total number of ions delivered to the surface. The ion current did not
change substantially during the deposition. The kinetic energy of the
ions impacting the surface was controlled by adjusting the potentials
applied to the second collision quadrupole rods and the surface and
was set to be ~20 eV per charge for all of the experiments described
herein. Based on atomic force microscopy measurements, the area of
soft-landed material was around a few nanometers thick on the
electrode surface.

Kelvin Probe Force Microscopy. The work functions of the IL/
HOPG surfaces prepared by SL were characterized via AM-KPFM
(NX10, Park Systems). Specifically, a tip coated with a chromium—
platinum alloy (3 N/m spring constant, Budget Sensors) was used at a
75 kHz driving frequency and a peak-to-peak current amplitude that
produced a tip cantilever displacement of 20 nm. One internal lock-in
amplifier applied a 1 V AC bias with a 17 kHz frequency to distinguish
the electrostatic force from the van der Waals force.*” ' By controlling
the tip DC voltage through a feedback loop to keep the potential
difference between the tip and the sample at zero, the value of the
absolute surface potential and work function were calculated. Before
measuring the IL samples, the tip was calibrated, and its work function
was derived by using standard HOPG that has a work function of 4.65
eV.

Electrochemical Measurements. To investigate the ion
adsorption and charge transfer properties of each SL
[EMIM],[Cl],,,” cluster at the interface, electrochemical measure-
ments were carried out via a three-electrode cell using Fe(CN)s /4 as
a redox probe molecule. Specifically, HOPG surfaces with selected SL
clusters, referred to as [EMIM],[Cl],,,”/HOPG (x = 1, 3, and 5),
were used as the working electrodes. Pt wire and Ag/AgCl were used
as the counter and reference electrodes, respectively. 0.1 M
hydrochloric acid (HCI) with 0.05 M potassium ferricyanide
(K;[Fe(CN)4]) was used as the electrolyte. A series of CV
measurements were performed from —0.4 to 1 V at potential scan rates
of 50, 20, 10, and 5 mV/s. 10 redox cycles (Fe(CN)¢~ < Fe(CN)¢*")
were measured at each potential scan rate. The geometric area of the
liquid contact region of the three-electrode cell is 0.478 cm?, which is
used to calculate the current density in the analysis of CV
measurements. The change in the charge transfer resistance during ion
adsorption was characterized using EIS, which was performed from 1
MHz to 1 Hz with a 5 mV amplitude before and after the series of CV
measurements.

COMPUTATIONAL METHODS
Theoretical Calculations for [EMIM]x[Cl]x+1-. The structure of

each [EMIM],[Cl],,,” (x = 1=7) IL cluster was searched using the

artificial bee colony (ABC) global optimization algorithms***>~%*

according to the followirég fprocedure: first, CHARMM force field
parameters were designed for EMIM® and CI” and the rigidmol-

optimizer program of ABCluster*>*® was used to carry out the global
optimization. The population size and number of generations were set
to 100—2000 and 1000—2000, respectively, and the global
optimization was performed up to 10 times with different startin

structures. Then, IgOOO structures for each species were optimize

using NWPEsSe at the GEN2-xTB level of theory.>® Finally, the 30
lowest energy structures were optimized at the B3PW91-D3/def2-SVP
level of theory,**™>® and the lowest energy structure was assigned as
the global minima (GMs). Frequency analyses were then carried out to
confirm that the structures are minima. Single-point energies were
calculated for these minima using the domain-based local pair natural
orbital  coupled  cluster ~ [DLPNO-CCSD(T)].**  For
[EMIM],[Cl],,;” « = 1—7, the cc-pVTZ basis set was used, and for x
= 1-3, a larger basis set (cc-pVQZ) was also used. The electron
vertical detachment energies (VDEs) were calculated as the energy

difference between the neutral unit and anion, both at the optimized

anion geometry. The electron adiabatic detachment energies (ADEs)

were calculated as the energy difference between the neutral unit and
anion at each optimized geometry including zero-point vibration

energy correction. Both VDEs and ADEs were calculated at the
DLPNO-CCSD(T)/cc-pVDZ level of theory. Ab initio molecular
dynamics (AIMD) simulations, at the B3PW91-D3/def2-SVP level of
theory, were performed for anionic [EMIM],[Cl];” and neutral
[EMIM],[Cl];, both starting from the optimized structure of
[EMIM],[Cl];". The time step was 0.5 fs, and the temperature was
controlled at 300 K using a Berendsen thermostat.”® The simulation
time was 2.5 ps. The ESP maps of [EMIM],[Cl],,,” (x = 1-5) were

also calculated usin\;Pthe GM structures identiﬁed6 above at the
B3PW91-D3/def2-S level of theory via Multiwfn. VAl ab initio

calculations were carried out using ORCA 42.1.%
RESULTS AND DISCUSSION

The formation of anionic [EMIM],[Cl],,,” IL clusters in
methanol solution at a concentration of 10 mM was
investigated experimentally using high-mass-resolution (m/Am
= 60,000) ESI-MS. As shown in Figure 1, the negative-ion mode
ESI mass spectrum reveals a broad distribution of anionic IL
clusters with widely differing abundance. Specifi-cally, a series of
peaks separated by a unit of [EMIM][CI](Am/z = 146) was
observed in the mass spectrum, consistent with singly charged
anionic IL clusters with the molecular formula [EMIM],[Cl],,,”
for x = 1—10 (red labeled peaks in Figure 1). From the mass
spectrum presented in Figure 1, it is apparent that as the size
of the IL clusters grows, they become increasingly able to
accommodate additional CI™ anions, resulting in the formation
of doubly charged [EMI-

M]y[Cl]y+22_ clusters with y = 12—21. The doubly charged
anions are evidenced by the emergence of an additional series of
peaks located between the peaks assigned to the singly charged
IL clusters beginning at m/z > 900. The spacing between the
individual peaks that comprise the overall isotopic envelopes of
each doubly charged IL cluster is equal to half (0.5) the spacing
between the peaks of the singly charged IL clusters (1.0).
Therefore, some of the singly and doubly charged IL clusters are
mass degenerate and overlap in their nominal m/z values for
even values of y in [EMIM],[CI],,,*". As shown in the focused
region displayed in the inset of Figure 1, the high mass

resolution of the spectrum, combined with the differences in the
isotopic distributions between the singly and
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Figure 1. Representative mass spectrum of 10 mM [EMIM][CI] in
methanol collected using ESI in the negative ion mode. The red and
blue numbers designate singly and doubly charged anionic IL clusters
with the stoichiometries [EMIM],[Cl],,;” (red) and [EMI-
M]y[Cl]y+22_ (blue), respectively. The y-axis is normalized to the most
abundant anion (x = 2). The isotopic distributions of x =9 (—1
charge, red) and y = 18 (—2 charge, blue) are shown in the inset.
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Figure 2. (A) Ion fragmentation yield curves for the representative mass-selected [EMIM],[Cl]5™ IL cluster showing depletion of the precursor ion
and formation of product fragment ions with increasing collision energy and (B) precursor ion survival curves for mass-selected [EMIM],[Cl],,,” (x
=2-10) IL clusters. The x-axis has been converted to the center-of-mass collision energy (E,) and normalized to the number of vibrational
degrees of freedom in each cluster. The (x,y) bracket notation indicates the number of EMIM" cations and Cl™ anions in the cluster, respectively.

doubly charged IL clusters, allows us to unambiguously
determine the contributions of both the 1- and 2-charge states to
the overall total ion abundance. Experimental and theoretical
investigation of the doubly charged 2-IL clusters is currently in
progress and will be the focus of a forthcoming publication.
Herein, we focus on the series of singly charged IL clusters. An
interesting feature observed in the mass spectrum in Figure 1 is
the pronounced variation in ion abundance with cluster size.
This variation suggests that certain IL cluster structures may
exhibit enhanced thermodynamic stability or are kinetically
favored to be formed during the ESI process.” " Similar
trends in cluster ion abundance have been reported previously
for imidazolium-based ILs.®”~7°

Given the nonmonotonic trend in cluster abundance
observed in Figure 1, the size-dependent stability of the IL
clusters was investigated by measuring the fragmentation yield of
mass-selected clusters as a function of their collision energy with
nitrogen (N,) molecules using CID experiments. The results of a
representative CID measurement performed on mass-selected
[EMIM],[CI];™ are presented in Figure 2A in the form of
kinetic energy-dependent ion fragmentation yield curves. These
curves were obtained by plotting the relative abundances of the
mass-selected precursor ions and their associated fragment ions
as a function of the collision energy with N, in the center-of-mass
reference frame (E,,). At relatively low collision energies, the
depletion of precursor ion [EMIM],[Cl]” is accompanied by
the formation of [EMIM];[Cl],”, indicating that the major
dissociation path-way is the loss of a neutral unit of [EMIM]
[Cl], as shown in eq 1.

[EMIM,[Cl];” — [EMIM],[Cl],” + [EMIMI[Cl | (1)
As the collision energy is increased over 1.5 eV, fragment ion
[EMIM],[CI];™ is also produced through sequential loss of two
neutral [EMIM][CI] units from [EMIM],[CI],".
Fragmentation via the loss of neutral [EMIM][CI] units was
observed as the major dissociation pathway for all of the singly
charged [EMIM],[CI],,,” clusters studied herein and is also
comparable to the previously reported fragmentation behavior
of [EMIM],[BF,],,,” IL clusters.*’

Identical CID experiments were performed on all of the singly
charged anionic IL clusters observed in Figure 1. To facilitate
a qualitative comparison of relative cluster stability toward
dissociation, precursor ion survival curves obtained from
energy-dependent CID measurements o f
[EMIM],[CI],,,” (x = 2—10) are presented in Figure 2B.

The survival curves represent the relative abundance of each
mass-selected precursor ion as a function of the collision energy
between the cluster ion and N, normalized to the number of
vibrational degrees of freedom of the IL clusters. This
normalization accounts for variations in cluster stability resulting
from a larger number of vibrational modes that may
accommodate additional energy, consistent with the theory of
unimolecular dissociation.”’ The survival curves provide a
qualitative understanding of the relative stabilities of the IL
clusters as a function of size. Due to the limited low mass range of
the mass spectrometer (SO < m/z), the fragmentation of the
smallest [EMIM],;[Cl],” IL cluster was not measured. The
substantially higher dissociation energy of the [EMIM],[Cl];™ IL
cluster in Figure 2, in comparison to that of the larger clusters,
highlights the enhanced stability of this species toward
fragmentation, which is further corroborated by the large
abundance of the [EMIM],[Cl];™ cluster observed in the mass
spectrum (Figure 1). The kinetic energies required to dissociate
the IL clusters decrease by more than 50% as the cluster size
increases from [EMIM],[Cl];” to [EMIM];[Cl],”. For clusters
with x > 3, the near overlap of the survival curves suggests that
the stability of these IL clusters is similar.

To obtain experimental insights into the size-dependent
electronic structure of the anionic IL clusters, we performed
negative-ion photoelectron (NIPE) spectroscopy on
[EMIM],[Cl],,,". The T 20 K NIPE
spectra of [EMIM],[CI],,;” (x 1-7) IL clusters,
recorded at a photodetachment wavelength of 157 nm, are shown
in Figure
3. The [EMIM],[Cl],” cluster exhibits two energy-resolved peaks
with maxima at EBEs of 5.20 and 5.53 eV, followed by a broad
band at a higher EBE of approximately 7.2 eV. The ADE and
VDE for [EMIM],[Cl],” are measured from the onset threshold
and peak maximum of the first band in the NIPE spectrum to be
5.02 and 5.20 eV, respectively (Table 1). In contrast, for IL
clusters [EMIM],[Cl],,,” with x = 2—4, the NIPE spectra are
composed of one band with a single maximum at low EBE,
followed by a broad feature at higher EBE. Both the ADE and
VDE show an ascending trend as the size of the IL clusters
increases (Table 1), in a similar fashion to that of clusters of
[Na,Cl,,;], [Na,(SCN),,;]7, and [K.(SCN),,, ]~ that have been
previously studied.”””* For the larger IL clusters (x = 5—7), each
NIPE spectrum displays two bands. The main feature stems from
the band seen in the spectra of the smaller clusters and shifts to
higher EBE with increasing cluster size. The main bands at high
EBE are assigned to singly charged [EMIM],[CI],,,” (x = 5-7)
IL
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Figure 3. T = 20 K NIPE spectra of [EMIM],[CI],,,” (x = 1-7) IL
clusters obtained at a photodetachment wavelength of 157 nm. The
dashed red line serves as a guide for the ADE trend. The lower EBE
band labeled as blue * in x = 5—7 is due to photodetachment of
dianions [EMIM]y[Cl]ﬁZ_ (y = 10, 12, and 14) with degenerate m/z
values to those of the corresponding singly charged species x = 5, 6,
and 7.

Table 1. Experimental (expt.) and Calculated (calc.) ADEs
and VDEs of the [EMIM],[Cl],,,” (x = 1-7) IL Clusters”

ADE (eV) VDE (eV)
[EMIM],[CI],,;” expt. calc. expt. cale.
1 5.02 4.28 5.20 4.46
2 5.50 4.84 5.68 5.03
3 S.75 S.44 6.20 5.63
4 5.93 5.24 6.45 6.16
S 6.03 6.14 6.50 6.15
6 6.05 6.87 6.60 6.57
7 6.10 5.93 6.60 6.49

“Calculated values are obtained at the DLPNO-CCSD(T)/cc-pVDZ
level of theory.

clusters based on their continuous evolution in both the band
position and spectral profile in comparison to that of the
smaller clusters (x = 1—4). The ADEs/VDEs of the larger IL
clusters (x = 5—7) also increase with cluster size, albeit in
smaller incremental steps (Table 1). The extra band appearing
at lower EBE in Figure 3 (marked “*”) is assigned to the doubly
charged IL clusters [EMIM]y[Cl]y+22_ (y =10, 12, and

14) that possess degenerate m/z values to the respective singly
charged clusters (x = S, 6, and 7). The coexistence of both
singly and doubly charged clusters with degenerate m/z values
in mass-selected ion beam experiments has been observed in a
previous study of [M,(SCN),,;]7/[M,.(SCN),,,,]*” (M = Na
and K) clusters.”> The reason why doubly charged clusters
possess lower EBEs than that of the half-sized singly charged
anions is that the presence of additional excess charges in the
doubly charged clusters results in strong intramolecular

Coulombic repulsion, leading to lower EBEs than that of singly
charged IL clusters. The peak assignments in Figure 3 are also
validated by theoretical calculations based on the good
agreement between the measured and calculated ADE/VDE
values of each cluster (Table 1). The intensity of the band
assigned to the doubly charged IL clusters increases with the
size of the cluster and is not present in the NIPE spectra for
smaller clusters with x = 1—4. The absence of doubly charged
anionic species in the small cluster size regime is due to larger
Coulombic repulsion between the two excess charges leading to
either electron autodetachment or breaking of chemical bonds.
Detailed investigation of the structures and energetics of these
larger doubly charged IL clusters will be the focus of a
forthcoming publication.

Quantum chemical calculations were performed to identify
the structures and energies of the IL clusters. The calculations
also provide insights into the factors that contribute to the
experimentally observed trends. The structures of
[EMIM],[Cl],,,;” (x = 1-7) were searched using the ABC
global optimization algorithm with both ABCluster’>>* and
NWPEsSe*** to obtain a wider range of molecular

configurations. The structure ensembles were further screened
using GFN2-xTB and B3PW91-D3/def2-SVP methods (see the

Computational Methods section for details). The putative GMs
are regarded as stable structures of these clusters and are shown
in Figure 4A. Interestingly, for x < 3, the structures of
[EMIM],[Cl],,,” are similar to those of [EMIM],[BF,]..;”
reported in our previous work.”” For x > 4, in the series of
[EMIM],[Cl],.,”, any additional [EMIM]* units occupy the
outer shell of an [EMIM]; core (Figure 4B). Such disordered
and liquid-like structures are a result of the gradual increase in
attractive electrostatic interactions and occur earlier in the
[EMIM],[Cl],,,” series when compared with that in
[EMIM],[BF,].,,~.*° This difference in structural evolution
with increasing cluster size may be explained by the smaller size
of the CI™ anion in comparison to that of the BF,™ anion, which

leads to a larger electric field density of the former.

To quantify the stability of the IL clusters relative to their
building units as well as the energy of adding a building unit to
the cluster or removing a unit from the cluster, the binding
energies of the anionic IL clusters were computed using eq 2

Eg(x) = [E(x) — xEgypy—~ (x + 1)Eg-1/(2x + 1)
()

In addition, the second finite difference of energy
[A’E_.(x)], which represents the average energy of adding or

subtracting a building unit from a cluster, was calculated using
eq3

NE_ (x)=E(x + 1)+ E(x — 1) — 2E(x ) (3)

In general, a large A’E_,_value is indicative of a more stable
cluster. These calculated quantities are plotted in Figure S. The
binding energy per ion approaches the limit of —2.7 eV as the
size of the cluster increases. The peak at x = 2 for A’E
indicates that [EMIM],[Cl];” is highly stable, which agrees
with the experimental observations from the ESI-MS
abundance (Figure 1) and CID energy measurements (Figure
2).
For the [EMIM],[Cl],,,” clusters, x = 1—3, we computed
the size-dependent ADE/VDE values with high accuracy using
a DLPNO-CCSD(T)/cc-pVQZ quantum chemical method.”*
This method overcomes cancellation errors and provides
reliable energies, which further validate that the GM structures
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Figure 4. Calculated structures (A) and growth pattern (B) of [EMIM],[Cl],.,” (x = 1—7). The numbers in (B) indicate the sequence of

additional [EMIM], when x increases from 4 to 7.
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(Table 2) are the dominant molecular configurations in the
experiments. The VDEs were calculated as the energy

difference between the neutral unit and anion, both at the
optimized geometry of the anion. The ADEs were calculated as

the energy difference between the neutral unit and anion at
each optimized geometry including zero-point vibration energy
correction. Here, the “optimized neutral geometry” was

obtained by optimizing the neutral cluster starting from the

Table 2. Theoretically Predicted ADEs and VDEs of the
[EMIM],[CI],,;” (x = 1—3) IL Clusters Compared with the
Results of NIPES Experiments

ADE (eV) VDE (eV)
[EMIM],[C1],.;” expt. cale.®? expt. cale.®
1 (GM) 5.02 5.04 5.20 5.19
1 (LM: 0.50 eV) 446
2 (GM) 5.50 545 5.68 5.70
2 (LM: 0.19 eV) 627
3 (GM) S.75 4.84¢ 6.20 6.11
3 (LM: 0.07 eV) 5.89

“Energigs were computed at the DLPNO-CCSD(T)/cc-pVQZ level of
theory. “The zero-point vibration energy corrections were compute

at the B3PW91-D3/def2-SVP level of theory. “The appreciably smaller
calculated ADE relative to the experimental value is due to large
geometrical changes for the corresponding neutral upon removal of
one electron from the anion that results in negligible Franck—Condon
overlap between the GM of the anion and the GM of the neutral unit;
the experimental value in this case only represents an upper limit of the
true ADE.

[EMIMJ,[CI.

Cll,,;” (x= 1-7). (B) Second difference of energy (A’E,.). Both energies were

optimized geometry of the anion. The results are shown in
Table 2.

The values calculated for the VDEs at GM geometries are in
good agreement with the experimental NIPES values. For
comparison, VDEs were also calculated at a local minimum
(LM) geometry of each cluster, which yielded results quite
different from the experimental values. For example, an LM of
[EMIM],[Cl];™, which is energetically only 0.19 eV above the
GM, exhibits a VDE value 0.59 eV higher than the
experimental value. This provides evidence that in the gas
phase, the most populated geometry of the IL cluster is the GM
structure.

To explore the evolution of the IL clusters upon losing an
electron, we performed two AIMD simulations starting from
the GM of [EMIM],[Cl];”, but with different ionic charges
(-1 and OE. These calculations were performed at ?he
B3PW91D3/def2-SVP level of theory with the temperature
held at T = 300 K. From the root-mean-square deviations
(rmsds) of the atomic positions (Figure 6A), it is apparent that
the structures of anionic [EMIM],[Cl];” and neutral
[EMIM],[Cl]; become stable after 0.5 and 1.0 ps, respectively,
with both about 1.25 eV energetically above the starting
structures (Figure 6B). For anionic [EMIM],[Cl];”, the
structure does not deviate substantially from its starting
geometry throughout the whole simulation (Figure 7A),
implying that the GM is relatively rigid on the potential energy
surface. However, for neutral [EMIM],[Cl];, the electron
density difference isosurface qresented in Figure 7B squests
that upon detachment of an electron from the anionic cluster,
the electron hole left behind is distributed over all of the three
CI™ anions, with minimal distribution over the two
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Figure 6. Results of AIMD simulations on anionic [EMIM],[Cl];™ and neutral [EMIM],[Cl];: the RMSD (A) and potential energies (B) relative to
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Figure 7. (A) Snapshots of AIMD simulations for [EMIM],[Cl];~ at

2.4 ps. (B) Electron density difference between anionic
[EMIM],[Cl];™ and neutral [EMIM],[Cl];. The blue and red regions
indicate where electron density decreases and increases after losing an
electron, respectively. Isosurface value = 0.002 a.u.

EMIM' cations. This charge distribution leads to weaker
electrostatic interactions between ions and large fluctuations of
the CI™ positions (Figure 7A). Therefore, it may be inferred for
[EMIM],[Cl],,;” that their GMs are the most populated
structures in the gas phase. Upon detachment of one electron,
all the ClI™ anions are directly affected and the charge of each
chlorine ion is reduced by ‘about —1/(x + 1). The cluster
relaxes to a nearby LM of the neutral cluster in several
picoseconds.

The calculated ESP maps of the GM structures of the
[EMIM],[CI],,,” (x = 1-5) clusters are compared in Figure 8.
For the smallest cluster [EMIM][Cl],”, there are six ESP
surface local maxima on the EMIM" cation in the plane of the
imidazole ring and two on either side of the ring. Two ESP
surface LMs are identified on each Cl™ anion. The two CI”
anions lie in the plane of the EMIM" cation to maximize their
interaction with the cation and minimize mutual anion
repulsion. For [EMIM],[CI],,;” (x = 2 and 3), the EMIM"
cations are stacked perpendicular to the plane of the imidazole
ring and the CI™ anions reduce the electrostatic repulsion of the
EMIMT cations to stabilize the cluster. Additional EMIM*
cations and CI~ anions in [EMIM] [Cl],,;” (x = 4 and 5) are
also well-distributed to minimize electrostatic repulsion. A clear
trend shows that both the magnitudes of the ESP maxima and
minima become less negative from the smallest [EMIM]-[CI],~
cluster to the largest [EMIM];[Cl]¢ cluster.

In a previous work, we demonstrated that functionalizing the
surface of an HOPG working electrode with mass-selected
[EMIM],[BF,],” clusters resulted in a substantially lower
charge transfer resistance in comparison to an HOPG
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Figure 8. Calculated ESP maps of the van der Waals surface of
[EMIM],[CI],,,;” (x = 1-5). ESP,,,.and ESP,;, are shown as red and
blue regions, respectively.

electrode prepared using the traditional method of drop-

casting a solution of [EMIMJ£BF4] that contains an undefined
polydisperse mixture of ions.”” In this study, we investigate the
effect of the size of [EMIM][CI] clusters on the adsorption of
ions by preparing working electrodes with different mass-
selected [EMIM],[Cl],,,” (x = 1, 3, and S) clusters using ion
SL.”*77® Ion SL is a versatile and highly controlled method of
preparing and modifying surfaces that avoids many of the
complications inherent to conventional solution-based depo-
sition methods.”””®

To determine the ion adsorption capacity of [EMIM][CI]
clusters SL on HOPG, a series of electrochemical measure-
ments (CV and EIS) were performed using an aqueous solution
containing the ferrocyanide—ferricyanide redox couple
Fe(CN)¢*/3 in 0.1 M HCl as the supporting electrolyte. The
CV curves of the IL-functionalized HOPG electrodes were
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Figure 10. NTquist plots of EIS measurements gerformed (A) before and (B) after 40 CV cycles on HOPG electrodes modified by drop-cast and SL

[EMIM],[Cl],,,” (x=1, 3,and S) with an Fe(

acqlljlired at four different scan rates (50, 20, 10, and S mV/s)
with 10 redox cycles at each scan rate (Figures 9 and S1). The

potential difference between the anodic and cathodic peaks
remained constant during all 40 CV cycles on the bare HOPG
electrode, indicating fully reversible redox behavior of
Fe(CN)4*/3". In contrast, the redox behavior of Fe-(CN),*
=3~ was partially irreversible on all four IL-function-alized
electrodes, as revealed by the shift in peak potential as a
function of scan rate. It should be noted that the full width at

N)*/3" redox couple in 0.1 M KCl as the supporting electrolyte.

half maximum (FWHM) of the redox peaks is greater than the
theoretical value of 100 mV for a reversible one-electron
transfer process.*” Compared to the CV curves on the bare
HOPG electrode (Figure 9A) where only Fe(CN).* <
Fe(CN)4> takes place, the broader redox peaks shown for the
HOPG electrodes with soft-landed EMIMCI clusters (Figure
9B—D) indicate multiple redox reactions, which may be due to
the Fe(CN)4*/>~ redox process occurring both (i) directly on
HOPG and (ii) on EMIMCI clusters at the interface where
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Table 3. Summary of the Quantity of SL Cluster Ions, Work Function, and Charge Transfer Resistance Values before and after
CV Cycles Performed on Bare HOPG and [EMIM],[Cl],,,”/HOPG (x = 1, 3, and 5) Electrodes Prepared by Ion SL

work function (eV)
bare HOPG 4.65

electrode total soft-landed ions

[EMIM],[Cl],”/HOPG 6.6 x 10" 4.06 + 0.05
[EMIM];[Cl],”/HOPG 5.5 x 108 4.36 + 0.02
[EMIM][Cl],"/HOPG 8.0 x 10" 4.49 + 0.02
drop-cast [EMIM][CI] 1.6 X 10 427 + 0.03

additional electron transfer processes take place between the
EMIMCI cluster and the underlying HOPG electrode. The
limited peak resolution in the voltammograms introduces
uncertainties into the process of deconvoluting the broad redox
peaks into multiple components. Therefore, we used the peak
potentials from the sharp redox peaks of Fe(CN)¢*~/3~ on bare
HOPG to estimate the relative concentrations of Fe(CN)*/3~
at the electrode interface of the IL-function-alized HOPG
electrodes, as shown in Figure 9. The fitting process revealed a
substantial decrease in the peak current densities of the
Fe(CN)s* /3~ redox components on the IL-functionalized
electrodes, indicating that less Fe(CN)*™/~ participated in the
redox process at the electrode interface in comparison to that
on bare HOPG. The loss of Fe(CN)4*™/3~ may be attributed to
formation of electrochemically inactive Fe(CN)¢—IL complexes
during the redox process. Addition-ally, the decrease in the
reversibility of the IL-functionalized electrodes compared to
that on bare HOPG may be attributed to a lower electron
transfer rate through the [EMIM][CI] layers on HOPG.
Therefore, EIS measurements were performed to assesses the
changes in the charge transfer behavior of IL-functionalized
HOPG before and after adsorption of Fe(CN)¢*/>~ during
the redox cycles.

The initial EIS measurements, obtained prior to 40 CV
cycles, revealed a high charge transfer resistance for the drop-
cast and all three SL IL-functionalized electrodes in
comparison to that of bare HOPG (Figure 10A). As expected,
the initial charge transfer resistance of the drop-cast [EMIM]-
[CI] electrode is substantially higher than that of the SL and
bare HOPG electrodes. The high charge transfer resistance may
be attributed to the presence of larger IL clusters or formation
of aggregates on the drop-cast electrode that may impede
charge transfer at the interface (Figure 1).3! However, for the
SL [EMIM],[CI],.,,;” (x = 1, 3, and S) clusters, the initial charge
transfer resistance decreased as the size of the deposited IL
cluster increased, a trend that is opposite to what is expected
considering that the total number of ions deposited on each
surface (Table 3) was the same order of magnitude.

These results suggest that the smaller SL clusters may
aggregate on the surface to form larger clusters or the larger
clusters may dissociate upon collision with the surface,
resulting in deposition of smaller fragments. Both possibilities
may affect the surface ionic conductivity of IL-functionalized
electrodes due to changes in the size and charge density of the
supported IL clusters.

EIS measurements obtained following 40 CV cycles revealed
a substantial decrease in the charge transfer resistance of all four
IL-functionalized electrodes (Figure 10B). No change was
observed in the EIS spectrum of bare HOPG after cycling. The
substantial decrease in electron transfer resistance after cycling
suggests that the irreversible adsorption of Fe(CN)*/>" on the
[EMIM][CI] layers during the redox cycles results in an
increase in the electron transfer rate through the layers.*>*

charge transfer resistance before CV (€2) charge transfer resistance after CV ()

700 407
7289 620
5425 604
2232 617

23225 91S

The electrode functionalized with SL [EMIM],[Cl],” clusters
showed the largest anion adsorption capacity, as evidenced by
the largest percent decrease in electron transfer resistance after
cycling. It should be noted that by comparing to the initial
electron transfer resistance before CV cycling, the drop-cast
EMIMCI showed a 95% decrease after 40 CV cycles, whereas
[EMIM],[Cl],” showed a 92% decrease. We speculate that the
reason for the larger decrease in electron transfer resistance for
the drop-cast electrode may be due to the presence of a higher
number of mixed EMIMCI ions, which is almost 3 times higher
than that for SL [EMIM],[Cl],". The higher number of
EMIMCl ions on the drop-cast electrode may eventually adsorb
more Fe(CN),*3" and show a larger decrease in the electron
transfer resistance than that of the SL electrodes. However, it
should be noted that if we consider normalizing the decrease in
electron transfer resistance to the number of jons at the
electrode, the SL electrodes still demonstrate the largest
decrease in electron transfer resistance.

To obtain further insights into the relative changes in the
electronic properties of the SL clusters on HOPG, Kelvin probe
microscopy was used to measure the work function at ambient
conditions. The work function showed an ascending trend with
increasing cluster size, in a similar fashion to the ADEs of the
gas-phase IL clusters measured using NIPES (Figure 3). These
results indicate an increase in electronic stability with increasing
cluster size, which may be attributed to the formation of core
—shell-like structures, as predicted by theory (Figure 4).
Consequently, the work function and ADE values correlate with
the decreasing trend in charge transfer resistance observed in
the EIS measurements. These trends demonstrate that the
initial size of the IL clusters SL on HOPG defines the electronic
stability and adsorption capacity of Fe(CN)¢*~>~ on the IL-
functionalized electrodes.

CONCLUSIONS

Electrodes modified with specific chemical functionalities are

promising active interfaces for the energy-efficient and selective
electrochemical separation of target ions and molecules from

water. ILs, which are molten salts with a wide variety of
chemical and physical properties, are versatile materials that
may be used to modulate the transport, desolvation, and
adsorption of selected ions at complex electrochemical
interfaces. Herein, we reported a combined experimental and
theoretical examination of the geometric and electronic
structure as well as the stability of [EMIM],[Cl],,;” (x = 1-10)
IL clusters and established their ability to efficiently adsorb and
separate ions from aqueous solution when deposited on
electrodes. The structural properties and stability of the IL
clusters toward dissociation were investigated using high-mass-
resolution ESI-MS, CID, and NIPES experiments in the gas
phase. We obtained molecular-level insights into the bonding,
structural rigidity, and electrostatic properties of the IL clusters
using global optimization theory and ab initio MD



simulations. Representative [EMIM],[Cl],”, [EMIM];[Cl],,
and [EMIM][Cl]¢™ IL clusters were selectively deposited onto
HOPG working electrodes using SL of mass-selected ions. The
relative stability of the SL clusters on HOPG and the work
function of the IL-functionalized electrodes were
characterized using scanning Kelvin probe microscopy. CV
measurements showed the partially irreversible redox behavior
of Fe(CN)4*/3~, while EIS indicated a substantial reduction in
the electron transfer resistance of the working IL-function-
alized electrode as a result of Fe(CN)s*/3~ adsorption

following redox cycling. Collectively, our findings demonstrate
that size-selected IL clusters may be used to modulate the

selective adsorption behavior and improve the efficiency of
electrochemical separations at the functionalized interfaces.
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Figure S1. Cyclic voltammograms measured on (A) bare HOPG, (B) [EMIM],[Cl],7HOPG, (C)
[EMIM];[Cl]4/HOPG, and (D) [EMIM];5[Cl]s/HOPG with a Fe(CN)4*3-redox couple at different
potential scan rates (5, 10, and 20 mV/s). The shape of the CV curves of EMIMCI clusters/HOPG



electrode did not significantly change during the different scan rate/cycles, which indicates that
the EMIMCI clusters are quite stable on the HOPG electrode over 50 CV cycles.

- Re CPE W

Rct

Figure S2. Equivalent circuit model used to fit the EIS data presented in Figure 10. R, — Electrode
resistance, ohms; Ry — charge transfer resistance, ohms; CPEg — Constant phase element [non-
homogenous capacitance given by Z(o) = Q'(j*®)™)]; W - Warburg diffusion (A,: Warburg
coefficient, Ohm s0-).



Table 1. Calculated frequencies for [(EMIM),(Cl),+;]~

1 (anion) 2 (anion) 3 (anion) 4 (anion) 5 (anion) 6 (anion)
28.96 42.12 30.99 24.75 22.73 18.08
68.61 50.10 35.61 26.72 27.98 27.59
74.67 55.53 37.91 30.80 30.01 29.13
113.02 65.78 44.22 35.19 32.82 30.35
129.01 71.18 50.40 36.90 37.20 34.17
142.26 85.42 51.06 47.81 38.69 35.83
165.90 87.16 61.48 51.55 41.56 37.08
186.46 94.20 63.92 55.56 45.18 38.85
197.50 99.14 68.53 57.16 46.60 40.39
239.00 102.36 72.96 60.51 48.21 43.40
242.43 111.34 75.13 65.14 49.76 46.02
325.83 122.60 81.87 68.70 52.59 48.23
403.11 125.22 83.08 70.18 54.33 49.53
451.43 130.72 87.17 73.09 60.05 53.86
615.67 149.18 96.26 73.94 62.11 54.36
646.65 158.12 102.87 81.15 64.70 55.21
685.95 164.50 110.87 84.77 67.67 57.74
725.63 196.03 115.76 87.81 71.43 58.07
756.33 198.75 126.87 94.35 75.12 61.86
811.61 209.27 133.57 95.83 78.66 63.54
967.98 216.14 136.28 104.33 80.04 65.74
970.81 232.29 143.68 110.08 84.43 68.94
1009.31 258.27 145.30 113.05 86.39 71.71
1041.60 261.81 150.29 114.99 89.45 73.58
1066.67 288.17 152.27 118.35 90.46 75.76
1112.09 314.52 165.19 122.14 92.26 77.47
1115.78 329.45 175.62 130.15 94.48 79.34
1122.66 402.66 188.41 131.59 99.85 81.31
1131.28 407.88 204.38 134.15 101.42 84.90
1158.84 451.59 208.49 140.54 107.52 88.83
1202.48 455.04 213.17 143.67 111.12 90.99
1265.05 611.17 214.87 148.08 115.40 92.58
1314.36 617.69 216.35 150.86 117.97 93.91
1359.70 628.44 245.64 155.84 124.30 97.79
1383.29 643.98 251.51 160.03 127.85 101.55
1401.99 658.63 262.26 169.37 130.30 105.65
1407.58 674.44 264.39 172.98 132.08 107.33
1440.03 727.75 264.60 180.09 136.96 110.81
1446.04 730.50 286.45 183.74 139.37 112.30
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134.18
138.73
141.67
146.48
149.97
153.40
154.80
160.22
166.43
167.58
171.38
175.27
178.20
182.51
184.34
190.66
202.63
211.74
219.27
220.26
228.48
234.32
234.74
237.56
240.40
244.01
245.86
246.69
251.58
257.37
258.42
260.56
262.06
269.21
271.41
309.89
312.39
314.79
316.15
323.98




1477.57
1481.89
1489.54
1499.63
1503.86
1506.00
1613.83
1615.95
1623.44
1626.56
2980.23
3007.54
3025.01
3034.71
3041.26
3045.15
3092.82
3100.27
3113.34
3115.93
3122.00
3132.34
3134.92
3137.07
3138.09
3139.90
3160.50
3170.73
3171.02
3176.24
3188.89
3195.63

1126.03
1126.73
1127.55
1137.51
1139.06
1144.75
1151.40
1153.40
1154.53
1162.30
1165.93
1210.99
1214.33
1220.07
1276.52
1286.06
1287.62
1322.47
1324.85
1329.79
1360.07
1374.08
1381.11
1392.94
1393.35
1394.45
1405.61
1413.49
1416.36
1418.81
1425.46
1428.96
1431.21
1441.04
1442.87
1452.21
1455.09
1460.47
1460.96
1466.05
1468.03
1468.93
1471.45
1472.64
1474.55
1480.15

828.86
830.99
839.10
845.76
851.59
867.38
914.45
938.21
941.21
969.28
974.92
982.39
983.17
983.85
984.93
1051.00
1059.68
1066.27
1068.74
1070.88
1075.17
1078.31
1084.86
1108.70
1109.42
1110.54
1113.24
1114.71
1115.04
1116.38
1123.74
1130.41
1132.49
1142.07
1142.82
1147.63
1149.59
1151.41
1154.06
1155.13
1155.74
1157.01
1166.79
1205.06
1206.38
1209.44

617.91
640.47
645.51
646.23
648.40
663.90
670.04
671.39
683.64
687.93
688.86
724.05
726.85
727.04
730.23
730.54
753.05
767.00
788.10
790.70
801.30
809.93
813.60
817.85
820.57
824.18
846.90
851.04
886.23
903.75
904.95
908.23
910.32
937.21
955.15
972.19
980.59
982.86
984.00
989.16
989.85
1057.92
1061.12
1062.68
1063.46
1066.57

326.31
362.99
387.16
402.56
403.10
408.89
410.82
436.93
438.91
446.14
448.93
450.82
468.18
613.18
613.89
615.00
616.00
618.54
623.88
642.70
643.96
645.51
648.61
651.69
652.46
672.97
675.18
678.42
679.41
681.89
683.89
724.74
725.48
726.31
728.09
728.18
733.19
770.07
773.85
776.97
791.28
796.39
812.02
813.55
814.62
817.39




1481.92
1488.89
1489.57
1498.87
1500.32
1501.72
1514.60
1615.86
1618.62
1621.71
1623.67
1626.78
1635.57
2902.59
2994.64
3004.98
3011.76
3017.46
3026.48
3033.63
3043.53
3044.08
3062.91
3081.92
3094.80
3113.57
3120.18
3125.85
3127.03
3128.22
3132.25
3134.98
3136.84
3142.20
3143.32
3146.28
3153.53
3156.23
3164.48
3167.30
3171.87
3175.09
3233.85
3249.96
3286.28
3338.36

1222.96
1275.11
1279.20
1286.72
1287.22
1323.32
1324.54
1326.46
1328.74
1373.05
1378.78
1382.38
1383.40
1388.56
1390.23
1396.61
1405.05
1408.51
1414.15
1417.50
1419.13
1422.62
1426.17
1427.08
1428.42
1433.18
1440.10
1441.42
1452.27
1456.12
1460.42
1461.61
1462.38
1462.54
1464.47
1465.53
1468.16
1469.51
1470.07
1471.30
1473.76
1476.12
1477.60
1483.80
1486.43
1486.62

1070.84
1073.61
1075.76
1077.16
1079.90
1106.73
1107.40
1109.87
1113.34
1116.57
1117.83
1119.92
1122.43
1123.27
1123.95
1126.06
1126.98
1127.89
1136.21
1136.70
1139.11
1140.42
1143.61
1144.28
1145.82
1155.14
1161.86
1163.22
1164.47
1190.61
1198.82
1201.35
1205.06
1212.76
1221.11
1271.62
1273.33
1273.49
1275.68
1281.44
1318.45
1319.46
1320.98
1323.61
1329.66
1364.10

820.61
821.19
836.31
843.96
846.31
878.13
880.16
887.12
901.35
902.73
921.54
931.98
941.86
943.05
979.77
980.07
983.61
983.77
986.04
987.61
988.98
1057.47
1060.38
1062.46
1065.24
1066.65
1068.88
1069.49
1071.11
1073.34
1074.02
1079.56
1080.03
1098.38
1107.22
1107.42
1112.62
1112.93
1113.72
1115.04
1116.56
1119.99
1122.73
1125.04
1126.73
1128.24




1488.59
1490.53
1499.83
1500.24
1505.05
1510.54
1519.66
1617.58
1619.24
1621.16
1624.08
1624.74
1627.22
1627.93
1636.10
2891.46
2980.62
3006.10
3013.68
3019.85
3021.05
3022.80
3038.27
3040.15
3043.43
3045.84
3046.30
3064.73
3081.35
3094.78
3105.76
3115.15
3118.77
3123.43
3126.81
3127.01
3127.23
3133.34
3138.18
3139.87
3140.84
3142.79
3142.95
3145.46
3146.91
3147.90

1374.77
1376.28
1378.58
1380.48
1385.34
1389.90
1390.71
1390.93
1395.26
1401.29
1413.17
1416.50
1418.49
1419.21
1419.94
1421.94
1423.88
1428.85
1430.91
1433.76
1438.23
1441.95
1443.83
1450.85
1454.68
1456.14
1460.06
1461.07
1461.81
1462.31
1462.94
1464.84
1466.76
1467.91
1468.75
1469.66
1470.92
1472.23
1472.61
1477.67
1478.45
1481.46
1484.32
1484.80
1486.15
1489.71

1128.77
1129.41
1135.24
1136.00
1138.83
1139.78
1147.58
1148.69
1150.72
1151.86
1152.69
1154.42
1160.16
1161.52
1163.35
1164.48
1166.30
1202.04
1206.80
1208.96
1209.46
1215.37
1226.20
1265.09
1273.54
1277.24
1277.77
1282.94
1285.27
1316.84
1318.39
1320.50
1324.11
1328.94
1334.80
1360.38
1361.62
1366.70
1377.99
1380.40
1381.89
1385.70
1389.50
1389.73
1390.79
1391.42




3148.64
3149.66
3155.17
3166.15
3173.20
3176.34
3190.74
3197.08
3219.11
3264.28
3279.47
3282.49
3363.81

1490.97
1491.41
1496.41
1498.06
1499.82
1503.30
1504.87
1510.26
1614.21
1614.35
1614.59
1618.25
1620.59
1622.42
1622.68
1626.19
1627.34
1628.36
3002.22
3003.77
3009.79
3012.20
3013.17
3017.22
3031.44
3034.96
3039.05
3040.96
3047.11
3047.39
3057.96
3068.01
3069.44
3077.51
3082.44
3093.49
3105.89
3112.41
3114.48
3120.98
3121.22
3124.08
3124.70
3125.63
3128.48
3129.69

1391.68
1392.32
1395.24
1411.59
1414.40
1415.43
1416.11
1423.03
1424.19
1424.88
1426.54
1427.54
1430.33
1434.75
1438.59
1440.10
1440.55
1443.18
1443.58
1451.57
1455.21
1457.33
1459.05
1461.57
1462.00
1463.81
1465.05
1466.20
1467.12
1467.88
1468.07
1468.74
1470.76
1471.00
1471.26
1472.40
1472.65
1473.26
1476.08
1477.40
1477.45
1477.88
1479.35
1482.52
1485.13
1489.36




3132.29
3137.83
3138.01
3138.17
3140.02
3142.11
3143.49
3144.11
3145.51
3148.08
3148.91
3153.02
3153.46
3155.58
3161.43
3169.21
3172.87
3177.25
3181.29
3191.81
3217.31
322391
3226.58
3243.78
3245.03
3271.73
3310.08

1491.94
1496.96
1498.55
1501.31
1501.93
1502.77
1503.44
1505.38
1507.96
1616.03
1618.05
1618.70
1620.67
1621.28
1622.49
1624.31
1625.31
1625.84
1627.21
1628.21
1631.35
2993.87
3016.11
3018.06
3018.90
3023.15
3026.66
3028.77
3031.59
3039.80
3040.23
3040.70
3046.99
3047.16
3048.06
3048.42
3053.86
3065.75
3068.25
3070.18
3093.90
3106.07
3115.35
3115.88
3118.49
3121.58




3127.31
3128.46
3133.52
3133.71
3135.00
3135.78
3136.13
3137.65
3138.26
3140.29
3141.92
3142.84
3143.18
3143.68
3145.25
3147.18
3148.68
3149.29
3152.60
3153.93
3154.48
3156.29
3158.15
3159.20
3159.48
3162.80
3165.91
3168.76
3170.76
3171.07
3174.56
3177.72
3186.34
3192.83
3197.29
3201.60
321591
3237.85
3239.33
3261.72
3295.26

1 (neutral)

2 (neutral)

3 (neutral)

4 (neutral)

5 (neutral)

6 (neutral)

19.67
56.16
59.24
86.29

30.95
40.59
44.21
47.74

25.95
35.31
41.12
47.39

17.98
24.69
29.46
31.83

19.72
20.51
28.41
29.34

11.09
17.82
19.27
27.80




107.91
124.29
133.95
146.85
159.31
217.52
243.66
314.10
395.78
441.79
612.03
646.70
681.85
721.84
771.51
796.71
920.35
935.37
975.80
1055.58
1063.25
1105.28
1111.96
1119.74
1128.50
1151.40
1196.28
1265.32
1312.93
1365.83
1383.21
1402.91
1422.07
1442.49
1453.62
1459.53
1464.22
1469.39
1473.82
1501.02
1622.34
1624.70
3047.14
3053.15
3067.76
3090.56

61.79
70.10
76.78
89.14
96.03
100.32
103.74
107.01
116.09
121.69
128.17
143.45
153.05
164.73
168.42
192.41
211.76
220.66
226.05
251.58
268.72
306.23
322.58
403.91
408.52
437.01
441.05
610.62
610.91
640.38
642.41
662.69
670.69
716.81
726.14
727.05
748.93
797.20
825.17
831.67
845.62
875.60
905.98
979.64
980.58
1059.96

49.96
53.55
56.86
57.77
63.86
68.03
70.33
75.87
78.61
83.93
87.83
98.62
102.19
111.39
121.69
126.44
131.21
137.70
141.96
146.45
149.90
163.07
164.97
184.32
189.14
200.76
202.99
212.79
215.31
238.53
240.14
254.45
256.36
257.32
278.45
317.93
318.24
322.89
390.11
396.03
398.40
446.35
450.35
454.54
575.02
610.56

33.89
39.00
40.73
46.56
47.65
49.68
53.24
54.12
57.71
64.00
65.34
69.24
76.05
76.99
79.05
83.04
93.79
100.46
104.14
108.10
110.98
114.19
120.21
122.58
128.60
131.40
132.22
143.98
146.11
150.55
157.03
160.27
168.67
170.29
175.29
179.80
186.40
191.73
192.86
212.03
213.92
215.32
227.16
249.42
258.24
259.52

33.13
35.71
38.32
42.35
46.22
47.74
49.30
50.18
52.99
55.90
56.09
61.14
62.01
65.79
70.53
73.52
76.10
79.35
81.88
83.05
87.83
91.24
92.69
96.57
99.73
103.20
106.41
108.86
112.17
117.44
121.17
121.56
123.93
128.38
134.86
139.70
142.07
147.49
152.93
157.40
163.19
166.68
168.62
178.24
182.82
190.12

30.86
31.72
37.38
39.34
40.74
41.87
45.29
48.14
51.01
53.27
53.94
55.68
58.28
60.04
61.37
64.04
65.21
70.13
71.23
72.80
75.10
78.46
81.16
82.00
87.99
88.31
89.42
94.36
95.32
98.51
101.96
103.51
104.54
108.26
110.94
112.81
115.43
120.39
121.74
125.67
129.64
130.79
135.62
139.42
140.98
145.97




3149.57
3160.04
3160.06
3168.72
3169.36
3187.46
3294.68

1061.11
1071.76
1073.84
1104.85
1106.03
1112.08
1118.32
1124.07
1126.66
1134.78
1145.99
1150.39
1150.42
1191.67
1198.71
1268.68
1273.26
1314.05
1316.58
1367.88
1383.21
1391.90
1394.31
1403.21
1407.75
1410.76
1426.44
1427.01
1438.75
1446.24
1451.15
1459.55
1460.45
1463.77
1467.03
1474.39
1476.46
1481.00
1486.57
1492.57
1501.60
1589.53
1609.01
1615.86
1630.14
3036.19

612.28
616.10
639.39
640.58
649.83
666.76
673.26
724.40
726.17
734.33
736.63
744.05
766.93
804.35
807.65
817.33
829.66
838.52
854.12
895.56
972.44
974.13
971.77
981.20
1041.51
1049.03
1058.40
1060.34
1072.00
1074.81
1080.09
1104.65
1105.59
1106.87
1110.85
1117.62
1120.44
1127.32
1135.11
1136.04
1141.26
1145.06
1147.39
1153.75
1158.15
1161.48

273.66
306.67
316.54
319.79
320.69
322.77
396.26
396.68
399.25
403.11
441.92
445.04
446.94
448.61
608.21
610.41
612.13
615.06
624.59
638.97
642.49
643.95
657.56
664.36
677.35
679.80
720.82
724.81
725.65
731.46
732.44
734.41
758.62
764.45
783.77
794.31
814.25
815.94
819.97
821.47
848.19
876.76
909.89
913.38
945.50
959.45

196.09
211.61
212.85
213.71
215.02
218.50
227.99
240.11
245.10
251.79
253.05
258.86
261.52
263.36
282.54
305.92
313.64
320.48
320.97
321.78
381.48
385.79
392.59
395.60
401.30
440.56
445.29
446.67
447.20
448.10
606.91
608.57
609.47
612.30
613.84
636.95
641.94
645.69
647.57
655.52
663.63
667.02
679.67
684.63
685.60
722.65

150.47
152.17
157.36
162.90
164.17
166.80
169.52
171.00
173.72
184.75
187.91
189.82
190.27
200.46
205.82
210.55
210.94
213.99
214.82
219.85
234.81
244.25
251.58
255.69
257.80
259.74
263.72
264.78
267.86
289.41
304.96
316.01
322.44
326.58
328.76
331.61
366.27
381.64
400.85
402.68
403.72
404.48
443.32
445.04
447.60
448.62




3043.09
3044.32
3052.18
3057.76
3085.02
3127.06
3140.99
3150.74
3153.53
3153.82
3154.27
3155.21
3163.40
3169.42
3171.35
3181.74
3190.27
3200.72
3260.83
3287.20
3313.09

1200.14
1206.53
1210.75
1266.33
1272.02
1277.42
1315.44
1320.46
1329.11
1350.41
1378.16
1380.97
1385.55
1389.34
1392.37
1401.60
1405.98
1413.79
1415.94
1426.96
1427.71
1429.27
1439.63
1440.03
1440.68
1461.59
1461.73
1466.64
1467.28
1468.99
1469.14
1471.32
1472.87
1474.55
1475.37
1488.03
1489.29
1492.55
1495.09
1498.93
1503.19
1504.04
1563.02
1592.76
1617.78
1620.39

976.52

979.73

980.66

981.33

1052.45
1060.27
1061.13
1061.59
1068.87
1069.83
1075.36
1077.48
1103.95
1107.10
1107.41
1107.62
1110.41
1111.36
1113.46
1115.37
1125.28
1127.29
1128.51
1136.00
1138.92
1142.06
1143.71
1145.12
1150.36
1150.79
1150.81
1153.98
1199.73
1202.33
1203.18
1207.91
1266.04
1268.57
1274.42
1278.74
1314.24
1315.56
1316.20
1318.02
1373.38
1377.70

724.32
725.25
727.83
728.66
736.95
769.24
774.32
775.97
798.35
799.90
801.35
811.11
813.27
816.45
818.62
830.66
870.04
873.38
887.99
898.50
903.50
930.17
940.38
949.69
980.09
980.39
980.95
985.42
986.88
1055.61
1060.04
1062.90
1063.15
1065.57
1069.35
1070.00
1072.53
1073.65
1077.90
1104.70
1105.89
1107.12
1107.87
1113.28
1114.12
1114.68

453.36
463.20
601.61
607.24
610.15
613.11
614.79
616.64
623.27
640.82
643.59
646.08
651.07
652.03
659.45
673.22
673.82
681.72
683.32
684.53
726.18
726.78
728.54
729.29
731.57
732.28
757.18
758.44
764.36
776.55
790.30
794.17
812.93
815.07
819.65
826.55
829.05
830.76
833.37
834.58
840.62
881.95
888.85
891.31
903.68
907.45




1626.23
1631.55
2928.84
3015.33
3017.45
3024.73
3041.84
3043.84
3050.86
3053.83
3054.52
3071.15
3093.59
3126.94
3134.69
3137.57
3139.12
3142.25
3150.64
3151.55
3155.94
3156.25
3158.78
3160.70
3167.54
3170.47
3170.90
3174.44
3187.88
3203.18
3208.97
3275.46
3293.16
3310.41
3382.31

1379.14
1379.55
1387.82
1392.55
1394.47
1396.50
1402.15
1407.77
1408.92
1409.30
1415.87
1422.08
1425.92
1426.40
1428.28
1433.97
1435.68
1437.01
1438.10
1454.46
1457.88
1459.91
1460.18
1461.49
1461.70
1462.27
1464.55
1466.87
1468.74
1469.00
1470.43
1471.86
1472.59
1477.67
1481.95
1483.16
1484.52
1496.28
1499.97
1501.89
1502.48
1504.69
1575.79
1603.81
1615.81
1621.65

1116.89
1117.81
1119.92
1122.85
1123.64
1124.88
1127.86
1132.86
1133.56
1133.83
1136.92
1140.85
1142.12
1146.38
1157.43
1157.51
1160.28
1175.25
1190.43
1193.91
1198.43
1210.00
1212.11
1268.24
1268.84
1270.33
1270.65
1273.74
1309.05
1316.09
1317.57
1318.20
1323.13
1363.65
1370.11
1379.43
1382.17
1382.58
1384.26
1388.47
1389.17
1389.85
1393.70
1401.16
1408.83
1410.96

938.95

955.48

972.63

976.45

978.43

979.70

984.19

987.83

993.80

1010.74
1046.39
1057.40
1057.87
1061.11
1061.55
1062.26
1065.32
1071.61
1071.91
1076.69
1078.73
1079.54
1092.51
1099.09
1105.92
1107.19
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1108.95
1110.66
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1112.54
1114.53
1114.89
1116.38
1117.89
1127.30
1129.57
1133.61
1134.43
1135.46
1136.21
1136.50
1143.80
1146.24
1149.44
1150.11




1623.85
1625.48
1631.06
1632.83
3022.15
3038.15
3042.52
3043.39
3049.70
3050.15
3050.62
3052.15
3054.93
3057.54
3063.60
3065.39
3103.49
3117.85
3121.10
3123.76
3126.49
3129.99
3138.06
3138.27
3144.44
3148.62
3151.17
3151.55
3152.07
3153.54
3154.62
3156.65
3159.57
3160.26
3161.55
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3167.79
3183.36
3184.75
3187.02
3190.87
3221.95
3243.50
3284.20
3295.34
3297.76
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1412.73
1414.82
1415.72
1422.76
1423.15
1430.66
1432.40
1434.72
1435.26
1442.37
1443.24
1447.38
1448.02
1453.23
1459.72
1459.98
1461.39
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1462.44
1462.83
1463.40
1465.95
1466.30
1467.17
1468.89
1469.17
1470.87
1472.48
1477.16
1477.54
1480.29
1482.19
1482.77
1484.34
1485.46
1489.38
1491.83
1493.00
1494.52
1498.82
1507.42
1603.52
1614.31
1615.17
1615.44

1151.06
1152.23
1153.45
1154.45
1157.25
1172.89
1184.84
1189.96
1192.69
1211.86
1213.91
1230.61
1269.99
1271.10
1273.54
1275.13
1281.41
1287.69
1310.45
1314.06
1319.89
1321.80
1324.18
1325.74
1352.81
1365.41
1367.27
1374.18
1376.69
1381.44
1381.68
1383.33
1385.93
1391.37
1392.39
1394.09
1394.75
1395.97
1405.41
1408.99
1409.93
1412.67
1414.77
1417.06
1419.00
1425.63




3305.04
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1618.92
1619.59
1622.46
1624.17
1626.31
1627.83
2965.89
3019.18
3026.89
3028.87
3030.54
3036.51
3040.99
3042.56
3049.65
3051.11
3052.01
3055.47
3059.59
3062.64
3070.36
3081.68
3082.00
3098.76
3114.23
3116.88
3120.52
3126.00
3132.60
3138.49
3139.30
3142.20
3143.60
3146.16
3147.66
3150.06
3150.78
3153.90
3155.08
3156.15
3157.56
3157.92
3158.92
3159.37
3159.66
3166.87

1426.78
1427.83
1430.40
1435.43
1436.86
1439.25
1441.65
1442.92
1449.25
1452.56
1456.18
1459.06
1459.49
1460.26
1460.89
1461.98
1462.68
1463.65
1464.56
1465.24
1468.14
1469.50
1469.78
1472.34
1472.60
1472.79
1473.90
1474.82
1476.93
1477.67
1478.40
1478.96
1480.30
1481.44
1487.74
1489.30
1489.90
1497.29
1498.04
1499.02
1501.06
1503.60
1505.21
1506.52
1554.64
1582.51




3167.43
3169.09
3179.69
3181.02
3184.98
3191.06
3235.48
3240.24
3243.51
3255.28
3265.09
3272.76
3275.49
3280.19
3310.27

1614.81
1616.28
1617.86
1620.95
1622.95
1625.66
1626.41
1628.74
1630.75
1638.00
2944.85
2996.06
3008.34
3010.07
3021.78
3023.81
3036.84
3037.49
3043.48
3045.68
3046.11
3049.17
3052.77
3054.15
3054.30
3055.36
3056.22
3057.46
3062.51
3063.38
3078.39
3097.20
3102.81
3116.52
3121.51
3122.17
3125.58
3126.58
3127.50
3128.49
3130.66
3132.80
3136.71
3143.63
3147.23
3148.26




3148.64
3151.85
3152.83
3154.03
3155.18
3155.64
3158.20
315991
3168.99
3170.82
3172.87
3179.76
3182.06
3184.76
3185.85
3188.31
3188.62
3200.51
3201.06
3206.16
3215.21
3219.80
3236.29
3243.82
3269.68
3288.76
3297.53
3306.27
3312.22
3321.84
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