Physical Chemistry Chemical Physics

o

PCCP
-

Nature and Strength of Intrinsic Cation-Anion Interactions
of 1-Alkyl-3-Methylimidazolium Hexafluorophosphate
Clusters

Journal: | Physical Chemistry Chemical Physics

Manuscript ID | CP-ART-03-2021-001130.R1

Article Type: | Paper

Date Submitted by the

Author 05-May-2021

Complete List of Authors: | Roy, Harrison; Wayne State University, Chemistry
Rodgers, Mary; Wayne State University, Chemistry

SCHOLARONE™
Manuscripts




Page 1 of 41

Physical Chemistry Chemical Physics

submitted to Phys. Chem. Chem. Phys.

Nature and Strength of Intrinsic Cation-Anion Interactions of
1-Alkyl-3-Methylimidazolium Hexafluorophosphate Clusters

H. A. Roy and M. T. Rodgers”
Department of Chemistry, Wayne State University, Detroit, MI, 48202, USA

ABSTRACT:

Imidazolium-based cations and the hexafluorophosphate anion are among the most
commonly used ionic liquids (ILs). Yet, the nature and strength of the intrinsic cation-anion
interactions, and how they influence the macroscopic properties of these ILs are still not well
understood. Threshold collision-induced dissociation is utilized to determine the bond
dissociation energies (BDEs) of the 2:1 clusters of 1-alkyl-3-methylimidazolium cations and the
hexafluorophosphate anion, [2C,mim:PF¢]*. The cation, [C,mim]", is varied across the series,
1-ethyl-3-methylimidazolium [Comim]*, 1-butyl-3-methylimidazolium [Cymim]*,
I-hexyl-3-methylimidazolium [Cemim]*, 1-octyl-3-methylimidazolium [Cgmim]*, to examine
the structural and energetic effects of the size of the 1-alkyl substituent of the cation on the
binding to [PF¢]. Complementary electronic structure methods are employed for the [C,mim]*
cations, (C,mim:PF4) ion pairs, and [2C,mim:PF¢]* clusters to elucidate details of the
cation-anion interactions and their impact on structure and energetics. Multiple levels of theory
are benchmarked with the measured BDEs including B3LYP, B3LYP-GD3BJ, and M06-2X
each with the 6-311+G(d,p) basis set for geometry optimizations and frequency analyses and the
6-311+G(2d,2p) basis set for energetic determinations. The modest structural variation among
the [C,mim]* cations produces only minor structural changes and variation in the measured
BDEs of the [2C,mim:PF¢]* clusters. Present results are compared to those previously reported
for the analogous 1-alkyl-3-methylimidazolium tetrafluoroborate IL clusters to compare the

effects of these anions on the nature and strength of the intrinsic binding interactions.

Corresponding author: M. T. Rodgers, mrodgers@chem.wayne.edu, Tel. (313) 577-2431


mailto:mrodgers@chem.wayne.edu

Physical Chemistry Chemical Physics

INTRODUCTION

Ionic liquids (ILs) are low temperature melting salts with melting points near or below
100°C. There is a wide diversity of cations and anions available that facilitate the formation of a
diverse set of ionic liquids, yet the impacts of the specific cations and anions chosen on the
macroscopic properties of ILs are still not well understood. The cations examined in this study
are l-alkyl-3-methylimidazolium cations, designated as [C,mim]*, where n = 2, 4, 6 and 8 and
indicates the number of carbon atoms in the 1-alkyl substituent. A common anion present in ILs
is hexafluorophosphate [PF¢]-, the anion of focus in this work. The structures of the [C,mim]"
cations and [PF¢]- anion are shown in Figure 1.

Applications of ILs are diverse spanning energy storage,!3 electrochemistry,*>
separations,® !9 and space propulsion,!!-!* among others. Understanding the intrinsic reactivity of
ILs for use as propellants in electric space propulsion provides the motivation for this work.
Electrospray ionization is an ionization technique originally developed by Yamashita and Fenn'*
where ion generation is facilitated by the application of a high voltage to a solution and the
formation of a Taylor cone. Electrospray propulsion uses ion thrusters where the ion generation
is similar to electrospray ionization, and the force produced by sample and ion ejection is used to
propel spacecraft. IL thrusters can be operated in a single polarity!> or bipolar mode.!'® Tonic
liquids are advantagous as electrospray propellants due to their facile ion formation resulting
from their inherently charged nature, low vapor pressures which reduces fuel loss, simplistic
propulsion mechanism, and highly efficient nature of electric propulsion. Imidazolium-based IL
propellants have been tested for use in outer space with the recent testing of
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide on the ESA’s LISA Pathfinder
mission.!3-16

Previous fundamental studies have investigated the structure of ILs and their clusters in
both the condensed and gas phases using a variety of techniques. Computational chemistry and
spectroscopy measurements have probed the structures of C,mim-BF, and C,mim-PF¢ ILs where

n = 2—4.1731 In particular, B3LYP/6-311+G(2d,p) calculations were able to reproduce the Raman
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and infrared spectra for the (C,mim:PF¢) ion pairs with high fidelity for n = 2-4.2  The
gas-phase structrues suggest the presence of hydrogen bonding in the ion pairs calcuated at both
the HF and B3LYP levels using the 6-311+G(2d,p) basis set. Noncovalent interactions/hydrogen
bonding interactions are indicated between the C1’, C2, and C1” hydrogen atoms of the
[Chmim]* cation and three of the F atoms of the [PF¢]~ anion. Also reported are C2'" hydrogen F
atom distances suggesting noncovalent interactions with the 1-alkyl substituent and the [PFg]
anion. Kamalakannan et al. report (C,mim:PFg) ion pair structures and ion pairing energies for n
=2, 4, 6, and 8 in a theoretical study of ionic liquids binding to Au(111) surfaces.’® Thomas et
al. investigated the impact of dispersion correction in the incorporation of hydrophobic and
hydrophilic ILs into zeolitic imidazolate framework-8 (ZIF-8) nanostructures using DFT
approaches and IR spectroscopy. The structure of Cymim-BF,, Cymim-PFg, and other ILs were
investigated in these ZIF-8 frameworks.3! Hunt et al. characterized hydrogen bonding in a review
article for a variety of IL systems and reported favorable cation-anion binding interactions to
imidazolium cations. Using Csmim-Cl as a prototypical imidazolium-based IL, they
characterized cation-anion binding as front butyl, front methyl, alkyl methyl, side methyl, back,
side butyl, and alkyl methyl binding.3? X-ray crystallography has also been used to characterize
C.mim-PF¢ crystal structures.3>3¢ Not suprisingly, the reported packing in the crystal structures
differs from the predicted gas-phase structures. Fuller et al. show the molecular structure of the
(C,mim:PFg) ion pair in the crystal and the packing observed.?? In the crystal structures the [PF¢]-
anion binds to multiple binding sites around the [C,mim]* cations, including front, front alkyl,
front methyl, back, front alkyl, and front methyl binding. These findings appear consistent with
other reported crystal structures.33-3

Energy-resolved collision-induced dissociation (ER-CID) experiments have been
performed to elucidate the gas-phase energetics and dissociation mechanisms of aprotic and
protic ionic liquids for applications in space propulsion’’-3° and to elucidate relative affinities of
various cations and anions that comprise common ILs.*0-4> MS utilizing variable energy CID is

an ideal approach for revealing energetic trends. Bini et al. exmined the competitive dissociation
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of mixed clusters and reported an intrinsic “interaction” scale for 11 different cations to [Br]
including the four 1-alkyl-3-methyimidazolium cations of interest here and found that the
binding affinities follow the order: [Cmim]* > [Cymim]" > [Csmim]" > [Cgmim]*.*° Bini et al.
also reported an intrinsic “interaction” scale for a variety of anions and found that [BF,]- binds
more strongly than [PFg] to the imidazolium cations.** Gozzo et al. reported observing the
[5Cymim:4PF¢]* cluster as a magic number and a relative order of intrinsic binding to [Cymim]*
following [CF3CO,]" > [BF4]" > [PFs] > [InCl,]- > [BPhy]".#! Fernandes et al.*>*¢ also used the
variable-energy CID behavior approach to examine the intrinsic binding of the [C,mim]* cations
in [2C,mim:X]" clusters where [X]~ = [CI], [BF4]", and bis(trifluoromethyl)sulfonylimide
[Tf,N]~. Based on the relative center-of-mass collision energies at 50% dissociation (E¢y, 1/2), the
relative order of binding follows the order: [Cgmim]* < [Cemim]" < [Cymim]" < [Comim]* for
both [Cl]~ and [Tf,N]; the same order excluding the [Csmim]* cation, which was not included in
that work, was also found for [BF,]". Fernandes et al. also reported theoretical (Cymim:X) ion
paring energies, [2Cymim:X]" BDEs, and [Cymim:2X]- BDEs for X = [Cl], [BF,], [PF¢],
trifluoromethanesulfonate [Tf]-, and [Tf;N]. They found a strong correlation between the anionic
radius and the predicted interaction energies and measured E.,;, in these clusters.*¢ Using
Cooks’ kinetic method, Vitorino et al.*> also confirmed the relative order of binding of the
[Cumim]* cations to [TE,N] as [Cgmim]* < [Cymim]" < [Comim]* consistent with that observed
by Bini et al.** These works suggest that the overall relative order of binding of the [C,mim]*
cations to [PF¢]~ follows the order: [Cgmim]" < [Csmim]" < [Cymim]" < [Comim]". However,
because the competitive experiments did not comprehensively examine other mixed clusters, and
the energy-resolved experiments did not incorporate internal energy and unimolecular
dissociation rates into the comparisons of the experimental data, there is still some uncertainty in
this conclusion. Further, none of these other works have provided absolute binding affinities or
BDEs of the IL clusters under investigation.

Ion mobility experiments*’-** have been used to probe IL clusters to elucidate dissociation

dynamics, magic number clusters, and ion evaporation mechanisms. Ku and Fernandez de la
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Mora investigated the charge state distributions of a variety of imidazolium-based ILs in
acetonitrile and attributed the smallest ions being formed by the ion evaporation mechanism and
the larger IL clusters to be associated with Dole’s charged residue mechanism.*® This study was
extended by Hogan and Fernandez de la Mora to study ion evaporation kinetics of the [Comim]*
based ILs from ionic liquid-acetonitrile nanodrops where solvation energies are inferred from
radius and charge state data.*3 Follow-up studies of neutral evaporation kinetics of IL clusters by
Hogan and Fernandez de la Mora reported magic number clusters for the CsA4" clusters for three
of the four ILs studied.*

In previous work, we examined the interactions of the [C,mim]* cations with [BF4]".#344
These studies determined absolute BDEs of the [2C,mim:BF,]* clusters where n = 2, 4, 6 and 8,
and found that the variation in the BDEs was smaller than the uncertainties in the determinations,
that is the BDEs are equal to within experimental error. Experiments to examine the competitive
dissociation of mixed [C,.,mim:BF,:C,mim]" clusters were essential and pursued to definitively
establish the relative order of intrinsic binding. The competitive dissociation experiments also
provided absolute BDEs for [C,mim]* binding to (C,,mim:BF,) as well as [C,,mim]" binding to
(C,mim:BF,) to be determined. From these absolute BDE determinations, relative (C,mim:BF,)
and (C,,mim:BF,) ion pairing energies (IPEs) were also determined. Consistent with the
findings of Bini et al. for [Br]- the relative order of binding to [BF,]- follows the order
[Comim]" > [Cymim]" > [Cgmim]" > [Cgmim]*, i.e., the strength of binding is inversely
correlated, albeit rather weakly with the size of the cation.

In the present work, we expand our threshold collision-induced dissociation (TCID)
studies to include the interactions of the [C,mim]* cations with [PF¢]-. The nature and strength of
the intrinsic binding interactions in [2C,mim:PF¢]* clusters is studied using guided ion beam
tandem mass spectrometry (GIBMS) and computational approaches. Density functional theory
(DFT) methods provide theoretical insight into the structures accessed in the experiments and
provide theoretical estimates for the measured BDEs. The theoretical models employed in this

work include B3LYP,*°! B3LYP-GD3BJ,> and MO06-2X.>3 Comparisons between the
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theoretical predictions and experimental measurements are used to evaluate the performance of
the theoretical methods for describing the structures and energetics of binding in these IL
clusters. Present results for the [2C,mim:PF¢]* clusters are compared with those for the
[2C,mim:BF,]" clusters to additionally examine the influence of the anion on the nature and the
strength of binding.

EXPERIMENTAL AND COMPUTATIONAL METHODS

Sample Preparation. Materials were purchased from commercial vendors and used as
received. 1-Ethyl-3-methylimidazolium hexafluorophosphate, C,mim-PFy, and
1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, Cgmim-TFSI, were purchased
from Alfa Aesar (Haverhill, MA). 1-Butyl-3-methylimidazolium hexafluorophosphate,
Cymim-PF4, and HPLC grade methanol were purchased from Fisher Scientific (Walthan, MA).
1-Hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, Csmim-TFSI, and HPLC grade
water were purchased from Sigma Aldrich (St. Louis, MO). Solutions of the desired ILs were
prepared via dilution of a pure IL or a mixture of two ILs, one containing the desired cation, and
the other the anion. Stock solutions of the ILs were diluted to ~0.5 mM in 50/50 methanol/water
for introduction to the GIBMS. Stock solutions of the C,mim-PF¢ and Cimim-PF¢ ILs were
simply diluted to the working concentration to produce the [2C,mim:PF¢]* and [2C4smim:PF¢]*
clusters, whereas 1:1 mixtures of the C,mim-PFs and C¢mim-TFSI ILs and separately the
Cymim-PF4 and Cgmim-TFSI ILs were diluted to the working concentration to generate the
[2Cemim:PF¢]" and [2Cgmim:PF¢]* clusters, respectively.

Experimental Procedures. All TCID experiments were performed on a custom-built
GIBMS that has been described in detail previously.’* A syringe pump operated at a flow rate of
1 pL/min was used to deliver the working solution of the IL to a custom-built electrospray
ionization (ESI) source.’>>¢ A 35 ga stainless steel ESI emitter was held at ~2 kV to facilitate
Taylor cone formation and ion generation. lons were sampled through a 0.012” entrance limiting
orifice and interfaced to the first stage of the mass spectrometer through a heated capillary

maintained at ~100°C. Ions were trapped radially in an rf ion funnel using an ~25 V,,,, 530 kHz
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potential applied 180° out of phase to adjacent ring electrodes. An ~25 Vpc gradient was applied
across the ion funnel to gently guide the ions into the mass spectrometer. lons were thermalized
in a hexapole ion guide operated at 1.6 MHz and 100 V,, spanning a differentially pumped
chamber where the ions underwent a sufficient number of collisions (> 10%) to produce a room
temperature internal energy distribution. Ions were extracted and focused from cylindrical to a
ribbon-shaped geometry, the ideal beam shape for momentum analysis in a magnetic sector mass
analyzer. The ions were accelerated and mass selected using a magnetic sector mass analyzer,
reshaped from a ribbon to cylindrical geometry, and slowed to a nominal kinetic energy using an
exponential retarder. An octopole ion guide that passes through a collision cell containing xenon,
the neutral collision gas, traps ions radially using an rf frequency of 4.44 MHz and ~300 V,,
applied to alternate rods. The collision energy is determined by the difference between the DC
offset applied to the octopole rods and the energy zero determined via a retarding analysis.
Remaining precursor ions and the resulting product ions are extracted from the octopole using a
series of DC lenses and focused into a quadrupole mass analyzer (Extrel, 880 kHz Tri-filter with
%" rods) where mass analysis occurs. lons were detected using a Daly detector and standard
pulse counting electronics.

Theoretical Calculations. A combination of molecular mechanics procedures and
quantum mechanics calculations were performed. Theoretical calculations were performed to
provide insight into the structures and energetics of the (C,mim:PF¢) ion pairs and
[2C,mim:PF¢]" clusters, whereas results for the [C,mim]" were taken from our earlier work.*>#
Candidate structure sampling was performed via a simulated annealing procedure’’ using
HyperChem with the Amber 3 force field.’® A single run of the simulated annealing procedure
includes 300 cycles of heating (0.3 ps), molecular dynamics sampling (0.2 ps), and cooling (0.3
ps) at a step size of 0.5 fs. In each annealing cycle, the starting temperature of 0 K was ramped to
the simulation temperature of 1000 K for sampling and then cooled back down to 0 K, the final
temperature. The cation(s) and anion of the IL clusters were constrained to the coordinate origin

to prevent ion dissociation during the timeframe of the simulation. The restraining force applied
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(0.01 kcal mol!-A-2) was empirically derived, and kept as small as possible while still providing
reasonable sampling of conformational space. The energy provided during the simulated
annealing process was sufficient to enable sampling of various 1-alkyl substituent conformations,
enantiomeric structures, and various modes of binding between the cation(s) and anion.
Candidate structures were sorted by their molecular mechanics energies where a combination of
low-energy structures and higher-energy structures were sampled. Low-energy structures were
sampled because they are most relevant to the optimal ion pairing interactions and the
experiments performed here. Higher-energy alternative binding structures were examined to
provide insight into additional binding interactions that may occur in larger clusters and the
condensed phase. Multiple runs of the simulated annealing procedure were performed with a
total of 40—150 candidate structures for each (C,mim:PF¢) ion pair and [2C,mim:PF¢]* cluster
submitted for further refinement wusing quantum mechanics methods at the
B3LYP/6-311+G(2d,2p) level of theory. The B3LYP structures were also optimized using the
B3LYP-GD3BJ and M06-2X functionals to examine functional bias. Comparisons of the
resulting (C,mim:PF¢) and [2C,;mim:PF¢]* structures were performed for n = 2, 4, 6, and 8. Due
to the random nature of the simulated annealing procedures, there is no guarantee that all
important low-energy conformations will be identified without resorting to exhaustive measures.
Therefore in cases where parallel stable conformations for each value of n were not found from
the simulated annealing derived approach, additional structures were manually constructed and
directly subjected to the quantum mechanical calculations to limit the number of cycles of
simulated annealing needed to achieve consistency among results for all of the (C,mim:PF) ion
pairs and [2C,mim:PF¢]" clusters.

Quantum mechanical calculations were performed using the Gaussian 09 software
package.’® Geometry optimizations and frequency analyses were performed using the B3LYP,
B3LYP-GD3BJ, and M06-2X density functionals with the 6-311+G(d,p) basis set. Single point
energy calculations were performed using a larger 6-311+G(2d,2p) basis set to describe the

energetics more accurately. To facilitate smooth convergence and elimination of negative
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frequencies, the opt=tight and integral=ultrafine keywords were used for all M06-2X
calculations. The calculated B3LYP/6-311+G(d,p) frequencies are scaled by a factor of 0.9887¢°
to account for anharmonicities not described by the harmonic vibrational analysis and
approximations made in the electronic structure calculations. The B3LYP-GD3BJ and M06-2X
calculated frequencies were left unscaled, as the unscaled frequencies show excellent agreement
with the scaled B3LYP values.* Zero-point energy corrections (ZPE) were calculated and
included for all structures and for all levels of theory examined here. Basis set superposition
errors (BSSE)®1-62 were also computed and corrected for in the BDEs determined.

The isotropic molecular polarizabilities of the (C,mim:PF¢) ion pairs were calculated at
the PBEIPBE/6-311+G(2d,2p) level of theory for use in the thermochemical analysis of the
experimental data. This level of theory was used because it has been shown to calculate accurate
polarizabilities of polyatomic neutral molecules and ions.> However, polarizabilities can be
extracted directly from the geometry optimizations and thus the B3LYP/6-311+G(d,p)
polarizabilites of the (C,mim:PF¢) ion pairs as well as values for all stable conformers of the
[Cumim]* cations, (C,mim:PF¢) ion pairs, and [2C,mim:PF¢]" clusters are also available for
comparisons.

Electrostatic potential (ESP) maps were computed for the B3LYP and M06-2X optimized
geometries of the ground conformers for the (C,mim:PF¢) ion pairs and the [2C,mim:PF4]*
clusters. The ESP maps are used to reveal favorable interaction sites and determine the impact of
the cation-anion interactions on electric potential in the ion pairs and clusters. All ESP maps
were generated using the B3LYP or M06-2X functional and the 6-311+G(2d,2p) basis set, and
are displayed at an isosurface of 0.01 a.u. of the total SCF electron density. The Miilliken
charges are labeled on the hydrogen atoms of the cations and the fluorine atoms of the anion to
quantify changes in electron density. The color scale is indicated on the ESP maps and chosen
such that the most electronegative regions appear red, whereas the most electropositive regions

appear blue, and regions of intermediate potential appear yellow or green.
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Noncovalent interactions (NCIs) are revealed and plotted using NCIPLOT®*% and
visualized using Visual Molecular Dynamics (VMD) software.®® The NCIPLOT procedure looks
for peaks appearing in the reduced gradient at low densities corresponding to favorable and
unfavorable interactions. The sign of the product of the second density Hessian eigenvalue and
the density distinguishes between attractive and repulsive interactions, while the magnitude
describes the strength of interaction. Strong interactions such as hydrogen-bonding interactions
are plotted as blue surfaces, weak interactions such as dispersion occurring from London-type
forces are plotted as green surfaces, and strong repulsive forces such as steric interactions are
plotted as red surfaces.

Thermochemical Analysis. Precursor and product ion intensities are monitored as a
function of the laboratory collision energy and pressure of the neutral collision gas, Xe. Ion
intensities are converted to energy-dependent CID cross sections using Beer’s law, [ = Ioe"’”’pl ,
where / is the measured intensity of the precursor ion, /j is the measured total ion intensity (i.e.,
the sum of the precursor and product ion intensities), o, is the total CID cross section, p is the
Xe collision gas density, and / is the effective interaction path length. The absolute zero and ion
kinetic energy distributions of the precursor [2C,mim:PF¢]* clusters are determined by a
retarding energy analysis as described previously.®’” The resulting precursor kinetic energy
distribution is nearly Gaussian with a full width at half maximum (fwhm) of 0.3—0.4 eV for these
experiments. Collision energies in the laboratory frame (E,,) are converted to energies in the
center of mass frame (E,,) using the formula E, =mkE,, /(m+M), where M and m are the
masses of the [2C,mim:PF¢]" cluster ion and neutral Xe reactants, respectively.
Pressure-dependent studies were performed because the effects of multiple collisions can impact
the shape of CID cross sections, and in particular, shift the apparent thresholds to lower collision
energies.®® Cross sections were measured at three nominal pressures of ~0.20, 0.10, and 0.05
mTorr, and pressure extrapolated to zero pressure, corresponding to rigorously single-collision

conditions.
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The procedures employed for fitting the pressure-extrapolated CID cross sections have
been discussed in detail previously.’*%%70 Thresholds for the CID cross sections are modeled
using an empirical threshold law of the form shown in eq 1,

o(E)=0,) g(E+E ~E)" | E (1)
where g is an energy-indiependent scaling factor, E is the relative translational energy of the
[2C,mim:PF¢]" IL cluster and Xe reactants, Ej is the threshold for the reaction of the ground
electronic and ro-vibrational state, and 7 is an adjustable parameter associated with the efficiency
of kinetic-to-internal energy transfer in the [2C,mim:PF¢]*-Xe collisions.”! The Beyer-Swinehart
algorithm?? is used to calculate the density of the ro-vibrational states. The relative populations g;
are calculated for a Maxwell-Boltzmann distribution at 298 K of the [2C,mim:PF4]" cluster, as
thermalization to room temperature is assured given the gentle sampling into the rf ion funnel
and thermalization of the ions in the hexapole ion guide.>-¢ Lifetime effects are included during
modeling using Rice-Ramsperger-Kassel-Marcus (RRKM) theory to account for [2C,mim:PF¢]*
clusters that do not dissociate on the time scale of the experiments (~10-* s). The use of RRKM
theory requires the ro-vibrational frequencies that describe the energized molecules and the
transition states (TSs) leading to dissociation. A loose phase space limit (PSL) TS model is used
as this model has been shown to be the most accurate for describing noncovalently bound
complexes.”>7® In particular, excellent results were obtained using the PSL TS model for the
analogous IL clusters involving [BF,]".#*** The model is convoluted with the kinetic and interal
energy distributions of the [2C,mim:PF¢]" and Xe reactants and the values of oy E\ or Ey(PSL),
and n are optimized via nonlinear least-squares regression.

To provide estimates for the errors in the experimental threshold determinations,
variations among multiple data sets, scaling of the vibrational frequencies, the time assumed
available for dissociation, and errors in the absolute energy scale are included. The predicted
vibrational frequencies are scaled up and down by 10% to provide estimates for the uncertainties
in the computed frequencies. To provide estimates for uncertainties associated with RRKM

lifetime effects, the time assumed available for dissociation was increased and decreased by a
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factor of 2. Errors in the absolute energy scale are +0.05 eV in the laboratory frame as limited by
the voltage output by the octopole dc power supply, corresponding to ~0.02 eV in the
center-of-mass frame for the [2C,mim:PF4]" + Xe CID reactions investigated in this work.¢’
Uncertainties in the magnitudes fo the CID cross sections have previously been estimated as
~+20 %, whereas uncertainties in the relative cross section magnitudes are much smaller,

~+5 %.67

RESULTS

Cross Sections for Collision-Induced Dissociation. Energy-dependent CID cross
sections were measured for the [2C,mim:PF¢]" clusters with Xe, where n = 2, 4, 6, and 8. The
energy-dependent cross sections for the CID of the [2C,mim:PF¢]* cluster at a Xe pressure of
~0.2 mTorr is shown in Figure 2. Parallel fragmentation behavior is observed for all four
[2C,mim:PF¢]" clusters as can be seen in Figure S1 of the Supporting Information. The
dominant fragmentation pathway involves loss of an intact neutral (C,mim:PF¢) ion pair and
detection of the [C,mim]*cation as shown in the generalized reaction 2.

[2C,mim:PF¢]" + Xe — [Cymim]" + (C,mim:PF¢) + Xe (2)

Sequential fragmentation of the [C,mim]* cations is observed at collision energies greater than
~5-6 eV (cm). For all four [2C;mim:PF¢]* clusters, the major sequential pathway observed
involves neutral loss of the 1-alkyl substituent and detection of the 1-methylimidazolium cation,
[C4H;N,]*, as seen in Figure 2 for the [2C,mim:PF4]" cluster. Additional sequential fragments
involving cleavages along the 1-alkyl substituent are also observed for the larger cations (see
Figure S1). All CID pathways observed for the [2C,mim:PF¢]* clusters are summarized in Table
S1. The fragmentation pathways of the [C,mim]" cations are not of primary interest here and
thus will not be discussed further.

Theoretical Results. Stable structures, energetics, and properties of the [PF¢]- anion,
(Comim:PF¢) ion pairs and [2C,mim:PF4]" clusters were calculated as described in the

Theoretical Calculations section. The structures and stabilities of the [C,mim]" cations are
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taken from our initial work.*> The geometric parameters of [PF¢]- are summarized in Table S2
and compared to previously published results for [BF4]-.43** Geometric parameters of the ground
conformers of the [C,mim]* cations are taken from previous work and summarized in Table
S3.43:4 Geometric parameters of the ground conformers of the (C,mim:PF¢) ion pairs and
[2C,mim:PF¢]" clusters are summarized in Tables S4 and S5. The nomenclature used to
differentiate the stable conformations of the [C,mim]* cations, (C,mim:PF¢) ion pairs, and
[2C,mim:PF¢]" clusters was adopted from our previous study.** This nomenclature was designed
to describe the nature of the cation-anion binding interactions, and the conformations and relative
orientations of the cations to facilitate recognition of structural elements. The nomenclature is
described briefly in the main text and additional details are provided in Figure S2. The following
discussion focuses primarily on the B3LYP and M06-2X results as B3LYP-GD3BJ findings are
highly parallel to one or the other of the former theoretical methods.

[Comim]* Cations. The B3LYP and M06-2X ground conformers of the [C,mim]"
cations with plots of the noncovalent interactions superimposed on these structures are shown in
Figure 3. The [C,mim]" cations are denoted by the dihedral angles that describe the 1-alkyl
substituent enclosed in square brackets and a + superscript to indicate that these conformers are
cations, [al...an]". The B3LYP ground conformers of the [C,mim]" cations are predicted to be
[gt.o]" and [g:t,2]", where the ZC2N1C1'C2’ torsion is gauche and the remaining torsions along
the 1-alkyl substituent adopt anti-staggered geometries, minimizing steric strain along the alkyl
chain. No stabilizing noncovalent interactions between the alkyl chain and the m-cloud of the
imidazolium ring are present in the NCI maps of the B3LYP structures. In contrast, the
optimized M06-2X cation structures favor [gg.t,3]" and [g.gt,3]" conformations. These
MO06-2X conformations are dispersion stabilized via the NCIs between the C2'H and C3'H atoms
of the 1-alkyl substituent and the m-cloud of the imidazolium ring as visualized by the green
regions of the NCI surfaces of the [C,mim]*, cations. Details regarding the geometric parameters
of the B3LYP, B3LYP-GD3BJ, and M06-2X geometry-optimized structures of the ground

conformers of the [C,mim]* cations are summarized in Table S3. ESP maps were reported for
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the [C,mim]" cations, finding the most favorable binding interaction sites with the hydrogens of
the imidazolium ring.¥3 The Miilliken charges for the imidazolium hydrogen atoms were
conserved with variation of the 1-alkyl substituent with the C2 hydrogen atoms exhibiting the
greatest Miilliken charges suggesting this as the most favorable interaction site for the [C,mim]*
cations.

[PF¢]- Anion. Geometric parameters of the B3LYP, B3LYP-GD3BJ, and M06-2X
geometry optimized structures of the [PF4]- anion are summarized in Table S2. Noncovalent
interactions are revealed using NCI plots superimposed on the B3LYP and M06-2X optimized
structures of the [PF¢]- anion in Figure 3. Only a single conformer was found for [PFg]
exhibiting an ideal octahedral geometry with P—F bond lengths of 1.646 A. The P-F bond
lengths in the M06-2X structure are slightly shorter than those computed by B3LYP and
B3LYP-GD3BJ. The lone pairs of electrons on the F atoms of the anion provide favorable sites
for donation of electron density to the [C,mim]* cations.

(Comim:PFg) Ion Pairs. The B3LYP and MO06-2X ground conformers of the
(Camim:PF¢) ion pairs with plots of the noncovalent interactions superimposed on these
structures are shown in Figure 4. In all of the ground conformers, regardless of the theory
employed, binding occurs via noncovalent interactions between the C1’, C2, and C1” hydrogen
atoms of the [C,mim]" cation and two of the F atoms of the [PF¢]- anion. Additional stabilization
is garnered through an anion-m interaction between a third F atom and the m-cloud of the
imidazolium ring. As for the bare cations, the 1-alkyl substituent takes on an anti-staggered
geometry in the B3LYP structures. These noncovalent interactions are easily seen in the NCI
plots of Figure 4 as the cation-anion interaction polarizes the electron density toward the
interaction surfaces. Here again, the NCI surfaces of the B3LYP structures are less extensive
than those determined using the highly parameterized M06-2X functional. The cation-anion
distance does not vary appreciably with the cation across the (C,mim:PF¢) ion pair series, but

does depend on the theoretical model employed with B3LYP finding a larger separation than
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B3LYP-GD3BJ and M06-2X, consistent with the smaller relative sizes of the NCI surfaces
found for B3LYP.

The intrinsic binding interactions of the ground conformers of the (C,mim:PF) ion pairs
are generally conserved across the cation series and the various levels of theory examined among
the low-energy conformers found. However, other less favorable modes of binding were also
found among the stable conformers. Therefore, the (C,mim:PFg) ion pairs are denoted by the
mode of binding and the dihedral angles that describe the conformation of the 1-alkyl substituent
enclosed in parentheses and with no charge to indicate that these systems are neutral ion pairs,
(b1BS;al...an). See Figure S2 for the various binding site designations, which provide details of
the location and orientation of the binding interactions.

The B3LYP and M06-2X ground conformers of the (C,mim:PF¢) ion pairs all exhibit
front-side binding (F), but several favorable orientations as described by the b1 dihedral angle
are found including g., g., and ¢. The l-alkyl substituents adopt anti-staggered orientations in
which the 1-alkyl substituent partially wraps around the anion to achieve additional stabilization.
The B3LYP ground conformers are described as (g.F;g), (g+F;gt), (g.F;gty), and (g F;gte),
whereas the M06-2X ground conformers are described as (g F;g), (g.F;gt,), (gF;gt;), and
(g.F;gte) for n = 2, 4, 6, and 8, respectively. Notably, B3LYP finds a larger number of very
low-energy conformers for the ion pairs involving the smaller cations. The analogous (g F;g.)
and (g F;gt;) conformers of the (C,mim:PF¢) and (Cymim:PF¢) ion pairs lie only 0.6 and 1.0
kJ/mol above the computed ground conformers (B3LYP), respectively. Geometric parameters of
the B3LYP, B3LYP-GD3BJ, and M06-2X geometry-optimized structures of the ground
conformers of the (C,mim:PFg) ion pairs are summarized in Table S4. Additional structural and
energetic information for the ground and other stable low-energy conformations of the
(C,mim:PFy) ion pairs computed can be found in Figures S3-S6. ESP maps for the (C,mim:PF)
ion pairs are compared in Figure S7. The very minor differences in the ESP maps across the
(C,mim:PFy) ion pair series indicate that the intrinsic cation-anion binding interactions in these

ion pairs are only weakly influenced by the length of the 1-alkyl chain.
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[2C,mim:PFg]" Clusters. The B3LYP and MO06-2X ground conformers of the
[2C,mim:PF¢]" clusters with plots of the noncovalent interactions superimposed on these
structures are shown in Figure 5. Binding in the ground conformers of the [2C,mim:PF4]*
clusters also occurs via noncovalent interactions between the C1’, C2, and C1" hydrogen atoms
of each of the cations and two of the F atoms of the [PF4]~ anion, with additional stabilization
gained through an anion-m interaction between a third F atom and the m-cloud of each of the
imidazolium rings parallel to that observed in the (C,mim:PF) ion pairs. The 1-alkyl substituents
again take on anti-staggered geometries as favored by the [C,mim]* cations.

The intrinsic binding interactions of the ground conformers of the [2C,mim:PF¢]" are also
conserved across the [Cymim]* cation series and the various levels of theory examined. The
[2C,mim:PF¢]" clusters are denoted by their modes of binding and the 1-alkyl conformations of
the cations, as detailed in Figure S2. Cations are named based on the dihedral angles that
describe the conformations of the 1-alkyl substitutes parallel to the [C,mim]* and (C,mim:PF)
designations. The binding site (BS) is designated as in the (C,mim:PF¢) ion pairs with an
additional dihedral angle b2 that distinguishes the relative orientations of the 1-alkyl substituents
of the cations, [al...an;b2b1BS1b1BS2;al..an]". The B3LYP ground conformers of the
[2C,mim:PF¢]"  clusters are [g;ccFeF;g ], [g:t;ccFeF;g.tr]", [gts;gcFeF;g.t,]", and
[gts;g cFcF;gts]", whereas the M06-2X ground conformers are described as [g+;g.g.Fg.F;c],
[gttg Fg. Fig o], [gitsg.g.Fg.Figitu]', and [gteg g Fg.Figits]” for n = 2, 4, 6, and 8,
respectively. Not surprisingly, binding is strongest when each [Cymim]* cation binds to three
different fluorine atoms of the [PF¢]- anion. In this case, the octahedral geometry of the [PF]
anion leads to cations binding to opposite faces of the octahedron described by the fluorine
atoms, thereby minimizing cation-cation repulsion. No stable structures were found for the
[2C,mim:PF¢]" clusters in which both cations bind to the same F atom. The octahedral geometry
of the anion results in stable conformers where the b2 dihedral angle is cis, trans, and gauche.
Geometric parameters of the B3LYP, B3LYP-GD3BJ, and MO06-2X geometry-optimized

structures of the ground conformers of [2C,mim:PFg]* clusters are summarized in Table S5. The
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structures and B3LYP, B3LYP-GD3BJ, and M06-2X relative stabilities of the ground and other
stable low-energy conformers of the [2C,mim:PF¢]* clusters are compared in Figures S8-S11.

ESP maps of the B3LYP and M06-2X ground conformers of the [2C,mim:PF¢]" clusters
are compared in Figure S12. The minor differences in the ESP maps across the [2C,mim:PF4]*
cluster series indicate that the intrinsic cation-anion binding interactions in these clusters are only
weakly influenced by the length of the 1-alkyl chain. The excess positive charge is delocalized
along the entire surfaces of the [C,mim]* cations and the electrostatic potentials of the
imidazolium ring hydrogen atoms exceed those of the alkyl chain hydrogen atoms, with the C2
hydrogen atoms again exhibiting the greatest electrostatic potential. The C1’, C2, and C1”
hydrogen atoms of the imidazolium cation remain the most favorable sites for interaction with
the [PF¢] anion. The electrostatic potential computed using M06-2X exceeds that determined by
B3LYP over the entire cation(s), whereas the electrostatic potential computed using M06-2X is
less negative than that computed by B3LYP for all F atoms of the [PF¢]- anion in all four
[2C,mim:PF¢]*" clusters. The minor changes in the ESP maps across this cluster series suggest
that the intrinsic cation-anion binding interactions in the [2C,mim:PF4]" clusters likely should
also be minimally affected by the length of the 1-alkyl chain.

Isotropic molecular polarizabilities computed for the [Cymim]* cations, (C,mim:PFg) ion
pairs, and [2C,mim:PF¢]* clusters increase linearly with the size of the 1-alkyl substituent as
shown in Figure S13. The B3LYP/6-311+G(d,p) polarizabilities of the [C,mim]" cations are
11.4,15.2, 18.9, and 22.6 A3, increase on binding to [PF¢] to 15.9, 19.6, 23.3, and 27.0 A3 for
the (C,mim:PFg) ion pairs, and further increase on binding of a second [C,mim]* cation to 27.4,
34.8, 42.3, and 49.7 A3 for the [2C,mim:PF¢]* clusters, for n = 2, 4, 6 and 8, respectively.
Notably, the sum of the polarizabilities of the [C,mim]* cations and (C,mim:PF) ion pairs is
almost exactly equal to the polarizability computed for the [2C,mim:PF¢]" clusters. The
computed PBEIPBE/6-311+G(2d,2p) polarizabilities of the (C,mim:PFg) ion pairs parallel those
determined using B3LYP, but are predicted to be ~3% larger, and are computed as 16.4, 20.3,

24.0, and 27.8A3, respectively. As the differences in the B3LYP vs. PBEIPBE computed
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polarizabilities are quite small, and do not alter the CID thresholds determined, the extra
PBEIPBE computations appear unnecessary for accurate threshold determinations, consistent
with our findings for the analogous [2C,mim:BF,]* clusters.*3

Threshold Analysis of CID Cross Sections. The zero-pressure extrapolated cross
section for the primary CID reaction of the [2C,mim:PF¢]" cluster with Xe (eq 2) is shown in
Figure 6. The other [2C,mim:PF4]" clusters exhibit parallel behavior and are compared in
Figure S14. The CID cross sections were modeled using an empirical threshold law with a loose
PSL TS model.®® The PSL TS model has been shown to provide the most accurate correction of
kinetic shifts observed for CID reactions of noncovalently bound complexes.’7779-8% As can be
seen in the figures, the CID data are well reproduced using the PSL TS model over energy ranges
exceeding 4 eV and cross section magnitudes of a factor of at least 100 for all four
[2C,mim:PF¢]" clusters. Fitting results are summarized in Table 1. The threshold analyses were
performed with the inclusion of RRKM lifetime analysis to properly account for the lifetime of
the dissociating ions and thereby extract accurate threshold energies, denoted as Ey(PSL). Also
reported is the entropy of activation, AST, which is indicative of the looseness of the TS and the
size and complexity of the system. Modest variation of AST across these systems as a function of
size of the cluster are observed and vary from 16 to 25 J mol-! K-!. Threshold analyses were also
performed excluding the RRKM lifetime analysis, £, and the difference between the threshold
values, Ej - Eo(PSL), are reported as kinetic shifts. The kinetic shifts are significant and increase
with the size (or number of vibrational modes) of the cluster from 0.76 eV for the smallest
cluster, [2C,mim:PF4]", to 1.69 eV for the largest cluster, [2Cgmim:PF¢]*. The Eo(PSL) values
determined via thermochemical analysis correspond to 0 K BDEs of the [2C,mim:PF¢]" clusters.
Temperature corrections using standard formulas (assuming harmonic oscillator and rigid rotor
models) were applied to the 0 K BDEs to convert them to enthalpies and free energies of binding
at 298 K. The molecular parameters used in the fitting procedures are provided as supplementary
tables, the vibrational frequencies, and the average vibrational energies at 298 K are given in

Table S6, whereas rotational constants are given in Table S7. Table 2 lists 0 and 298 K
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enthalpy, free energy, and entropic corrections for the [2C,mim:PF¢]* clusters experimentally
determined. Uncertainties in the enthalpic and entropic corrections are estimated by £10%

variation in the computed vibrational frequencies.

DISCUSSION

Influence of the [C,mim]|* Cation on the Measured BDEs. Energy-dependent CID
cross sections for the [2C,mim:PF¢]* clusters at a Xe pressure of ~0.2 mTorr are compared in
Figure S1. Although the experiments are performed under nominally single collision conditions,
even a small population of the ions undergoing more than one collision can alter the shape of the
measured CID cross section, particularly in the threshold region. Pressure effects are eliminated
by extrapolation to zero pressure of the Xe reactant. Normalized zero-pressure-extrapolated cross
sections for CID of the [2C,mim:PF¢]" clusters are compared in Figure S15. The apparent
thresholds of the [Cymim]* product cross sections exhibit a small, systematic shift to higher
energies with increasing values of n. That is, the [C,mim]" product apparent thresholds increase
with the size of the cluster/cation and follow the order [C,mim]" < [Cymim]" < [Cgmim]" <
[Cgmim]*. Based simply on apparent CID cross section thresholds, one would surmise that the
strength of cation binding increases with the size of the cluster/cation. However, the measured
cross sections and their apparent thresholds are dependent on the strength of binding and the
experimental conditions. All experiments are performed under roughly equivalent conditions
such that two competing effects influence the observed cross sections, the internal energy of the
[2C,mim:PF¢]" cluster and its rate of unimolecular dissociation to the [Cymim]* and
(C,mim:PFy) products. As internal energy increases with the size of the cluster, whereas the rate
of unimolecular dissociation decreases with size, is not clear which of the effects should
dominate. It would be presumptuous to assume that the apparent thresholds could be relied upon
to provide a definitive order of binding without a detailed thermochemical analysis that includes

corrections for these effects.
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The internal energy distributions of the [2C,mim:PF¢]* clusters as described by
Maxwell-Boltzmann distributions at 300 K are compared in Figure S16. The average internal
energy of the [2C,mim:PF¢]" clusters increases with size from 0.71 & 0.05 eV to 0.87 + 0.06 eV
to 1.02 = 0.07 eV and to 1.17 £ 0.08 eV for n = 2, 4, 6, and 8. Internal energy effects would
therefore tend to lower the apparent CID thresholds by the internal energy available, which
increases by ~0.15 eV between successive clusters. The RRKM rate constants as a function of
energy for unimolecular dissociation of the [2C,mim:PF¢]* clusters using a loose PSL TS are
also compared in Figure S16. The dissociation rate decreases with increasing size of the cluster
at all energies; the energy required to achieve a rate > 10* s! (i.e., the inverse of the approximate
time available for dissociation) increases with cluster size from 1.96 eV to 2.18 eV to 2.47 eV to
2.90 eV for n = 2, 4, 6, and 8. Lifetime effects would therefore tend to increase the apparent
thresholds by similar energies between successive clusters. With the inclusion of internal energy
and RRKM effects using a loose PSL TS, the BDEs of the [2C,mim:PF4]" clusters to produce
[Cymim]" and (C,mim:PFg) are determined as 113.0 + 4.4, 112.3 £ 5.2, 110.6 + 6.6, and 110.3 £
5.0 kJ/mol for n = 2, 4, 6, and 8, respectively (Table 3). Thus, with proper thermochemical
analysis including internal energy and RRKM effects, the strength of binding follows the order
of [Cgmim]* < [Comim]" < [Cymim]" < [Comim]", in direct opposition to the trend in the
apparent thresholds. These results showcase the necessity for the use of careful thermodynamic
modeling. Although accurate BDEs are determined, the precision of those determinations is
insufficient to definitely establish the relative order of binding among the [C,mim]" cations to
[PF¢]". The variation in the measured BDEs across these systems is quite small, only 2.7 + 6.6
kJ/mol, roughly half the average experimental uncertainty (AEU) in these determinations, 5.3 +
0.9 kJ/mol.

Guidance with regard to the relative strength of binding in these systems may be taken
from the work of Bini et al.*? and Fernandes et al.*>%¢ Bini et al., examined the competitive CID
behavior of mixed clusters of various ILs.** Most relevant to the systems examined here are the

1-alkyl-3-methylimidazolium bromide, C,mim-Br, ILs where the relative order of binding to
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[Br]~ was determined as [C,mim]" > [Cymim]" > [Csmim]™ > [Cgmim]*. Given the similarities
and differences in the nature of the binding interactions in the C,mim-Br vs. C,mim-PF4 ILs
however, the same relative ordering cannot be assumed. In particular, the larger size of the [PF¢]~
anion likely enables the binding interactions to be further strengthened by interactions with the
1-alkyl chains in the clusters involving the larger cations such that the relative order of binding
may change. Fernandes et al.*>%¢ also used the variable-energy CID behavior approach to
examine the intrinsic binding of the [Cymim]* cations in [2C,mim:X]" clusters where [X]™ =
[CI], [BF4]" and [Tf;N]~. Based on the relative center-of-mass collision energies at 50%
dissociation, the relative order of binding follows the trend: [Cgmim]* < [Csmim]" < [Cymim]* <
[Comim]* for both [Cl]™ and [Tf,N]~; the same order excluding the [Csmim]* cation, which was
not included in that work, was also found for [BF,]~. Fernandes et al. also reported theoretical
[2Cymim:X]" BDEs for X = [CI], [BF4], [PF¢],, [Tf], and [TEN]. The [2Csmim:X]" BDEs
follow the trend [CI]- > [BF4]- > [PF¢]- > [Tf]- > [Tf,N] exhibiting a high correlation with
anionic radius to theoretical interaction energies and E,, 1 » in these clusters.¢ The ionic volumes
computed by Kobrak follow the order [Cl]- (47 A3) < [BF,]- (73 A3) < [PF¢]- (107 A3)< [Tf]
(129 A%) <[T£,N] (230 A3).85

To establish a definitive order of binding, a follow-up study of the TCID behavior of
mixed [C,,mim:PF4:C mim]* clusters is being pursued. Importantly, the results of this follow up
study will determine the absolute BDEs of these mixed clusters and the relative order of binding
with significantly improved precision. Further, by combining the results of the present study with
those from competitive measurements, the BDEs determined for the [2C,;mim:PF¢]* clusters can
be more accurately and precisely determined.

[2C,mim:PF¢]* BDES: Theory vs Experiment. The TCID measured BDEs of the
[2C,mim:PF¢]" clusters are compared to the BDEs predicted for these clusters using B3LYP,
B3LYP-GD3BJ, and M06-2X approaches in Table 3 and Figure 7. All three levels of theory
explored here perform reasonably well, with B3LYP providing the best predictions of the

experimental BDEs. Indeed the mean absolute deviation (MAD) between the B3LYP and TCID
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measured values is quite small, 1.6 + 1.5 kJ/mol, less than one third as large as the average
experimental uncertainty (AEU) in these values, 5.3 + 0.9 kJ/mol. In contrast, the MAD for
MO06-2X, 6.7 £ 4.3 kJ/mol, is more than four times greater than that for BALYP and larger than
the AEU. The MAD for B3LYP-GD3BJ is larger still at 10.4 £ 6.6 kJ/mol, twice the AEU.
Notably as can be seen in Figure 7, all of the B3LYP predicted [2C,mim:PF¢]" BDEs lie within
experimental uncertainty of the measured values. Although the M06-2X predicted BDEs exhibit
reasonable agreement with the experimental values, all exceed the measured values suggesting
that the high degree of parameterization of M06-2X overestimates the dispersion stabilization in
the [2C,mim:PF¢]" clusters. The less satisfactory agreement between theory and experiment
observed for B3LYP-GD3BJ, with predicted BDEs that all exceed the measured values suggest
that the added empirical dispersion overestimates the strength of binding in the [2C,mim:PF¢]*
clusters, once again likely due to overstabilization of the dispersion interactions in these clusters.
Combined, these results suggest that B3LYP provides the most reliable prediction of the
[2C,mim:PF¢]" BDEs.

Structures of [PF¢]- vs. [BF4]". Only a single conformer was found for [PF¢]- and [BF,]-
exhibiting ideal octahedral and tetrahedral geometries, respectively. In addition to the octahedral
vs. tetrahedral geometries, the P—F bonds are significantly longer than the B—F bonds by 0.218 to
0.229 A, see Table S2. The B3LYP computed B—F bond lengths in [BF,]- are 1.417 A compared
to 1.646 A in [PF4], corresponding to a cis F-F distance of 2.327 A and trans F-F distance of
3.291 A in [PF¢]. The B-F and P-F bond lengths in the M06-2X structures are slightly shorter
than those computed by B3LYP and B3LYP-GD3BJ. The lone pairs of electrons on the fluorine
atoms provide favorable sites for donation of electron density to the [C,mim]* cations. The
predicted size of the anion increases from [BF,]- to [PF¢] consistent with the computed ionic
volumes 73 A3 vs. 107 A3 respectively.8> Hexafluorophosphate presents additional potential
binding with six fluorine atoms compared to only four in tetrafluoroborate, such that the

geometries in small clusters as well as packing in liquids must differ to some extent.
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Structures of (C,mim:PF¢) vs. (C,mim:BF,) Ion Pairs. The optimized structures
predicted for the (C,mim:PF¢) and (C,mim:BF,) ion pairs** are very similar. In all of the ion
pairs, front binding of the imidazolium cation to the anion is preferred and binding occurs via
noncovalent interactions between the C1’, C2, and C1" hydrogen atoms of the [C,mim]* cation
and two of the F atoms of the anion, while a third F atom interacts with the m-cloud of the
imidazolium ring. Elongation of the cation-anion binding distance is observed for the larger
[PF¢]- anion. The C2-B distances in (C,mim:BF,) ion pairs increase with the size of the cluster
from 3.114 to 3.211 A compared to the C2—P distances that vary from 3.568 to 3.584 A in the
(C,mim:PF4) ion pairs. However, this large increase in the C2—P vs. C2-B distances is
somewhat misleading as the P—F bonds of [PF¢]- are markedly longer than the B—F bonds of
[BF,], 1.646 vs. 1.417 A, and the binding interactions occur between the C1’, C2, and C1”
hydrogen atoms of the cation and the F atoms of the anion. Although the spatial orientations of
the F atoms differ, the average H-F distances between the C1’, C2, and C1” hydrogen and
fluorine atoms minimally increase from 2.261 A in the (C,mim:BF,) ion pairs compared to 2.283
A in (C,mim:PFy) ion pairs. The structures predicted for the (C,mim:BF,) and (C,mim:PF) ion
pairs are consistent with those previously reported for the (C,mim:PF¢)?>28-31 and
(Cymim:BF,)!7-20.28:2931.43 jon pairs. Computational work on the (C,mim:PFg) ion pairs by
Kamalakann et al. is most consistent with the present findings having predicted (g.+F;g.),
(g+F;g:t0), (g+F;g:ts), and (g.F;g.tsg.) ground structures at the PBE+D3/6-311++G** level of
theory.3? Although quite similar, the ground conformers of the (C,mim:PF4) and (C4ymim:PFy)
ion pairs reported by Talaty et al., (g.F;g+) and (g+F;g.tg.), are predicted to be 0.6 and 2.5 kJ/mol
less stable that the (g+F;g) and (g.F;gty) ground conformers determined here.”> The
B3LYP/6-31+G* (C,mim:PF¢) and (C4mim:PF¢) ground conformers from Dong are (g+F;g.) and
(g+F;g.ty) are 0.6 and 0.9 kJ/mol less stable than the ground conformers determined using the
larger 6-311+G(d,p) basis set.?’ The MP2/6-311G** computed (C;mim:PFg) ground conformer
from Tsuzuki appears to be the (cF;g.gt) conformer, which is 3.9 kJ/mol less stable than the

ground conformer reported here.”® The key binding interactions are conserved in all studies,
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whereas slight differences in the alkyl chain orientation in the computed ground conformers are
likely associated with the use of slightly different basis sets and the floppiness of these systems.
Structures of [2C,mim:PF¢]" vs [2C,mim:BF4]* Clusters. As found for the ion pairs,
the optimized structures predicted for the [2C,mim:BF,]* and [2C,mim:PF4]" clusters are
similar. The [2C,mim:BF,]" and [2C,mim:PF¢]" clusters and their respective ion pairs have
similar predicted structures with similar NCIs, resulting in similar determined BDEs. Both
clusters favor binding to the front of the imidazolium ring and the preference for the 1-alkyl
substituent to adopt an elongated conformation resulting in [gt,,]" and [gt.o]"
conformers(B3LYP). Cation binding in the [2C,mim:BF,]* clusters was predicted to be nearly
planar in their front binding interactions with two fluorine atoms of [BF4]". In contrast, cation
binding in [2C,mim:PF¢]* occurs with three fluorine atoms of [PF¢]-, a binding motif consistent
with that found in the (Cymim:PF¢) and (C,mim:BF,) ion pairs. Two fluorines bind to the front
of the imidazolium ring and a third fluorine orients itself over the imidazolium ring to achieve
additional m-stabilization. Another impact of the larger size of [PF¢]- and the additional
hydrogen-bond acceptors it provides as compared to [BF,] is that the b1 and b2 dihedral angles
that describe the relative orientations of the cation and anion and those of the 1-alkyl substituents
differ markedly even though the H-F binding interactions are preserved. The most favorable
relative orientations of the 1-alkyl substituents of the cations in [2C;mim:BF,]" are primarily g.
and g_ conformers, whereas the relative orientations of the 1-alkyl substituents of [2C,mim:PF4]*
span all possible orientations (e, t, g, and g), which are attributed to the change from a
tetrahedral geometry of the anion, which allows interactions with only two fluorine atoms to an
octahedral geometry, which can accommodate three. As for the ion pairs, the cation-anion
binding distance is larger for the [2C,mim:PF¢]" clusters than the [2C,mim:BF4]* clusters seen
both in the large differences in the C2—P vs. C2—B distances as well as the smaller differences in
the more relevant H-F distances. The slight elongation of the cation-anion interaction lengths

combined with the larger sizes and diffusivities of the [2C,mim:PF¢]* clusters compared to those
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of the [2C,mim:BF,]" clusters results in only a very slight decrease (by ~6.2%) in the predicted
strength of binding in the [2C,;mim:PFg]* clusters vs. their [2C,mim:BF,]" cluster analogues.
CID Behavior of [2C,mim:PFg]* vs. [2C,mim:BF4]* Clusters. Energy-dependent CID
cross sections for the [2C,mim:PF¢]* clusters are compared to those of the analogous
[2C,mim:BF,]" clusters in Figure S17. As can be seen in the figure, the CID cross sections
exhibit a high degree of similarity in both the apparent thresholds and cross section magnitudes.
However, the apparent thresholds for the [2C,mim:PF4]" clusters exhibit a very minor shift to
lower apparent energies suggesting a slight decrease in cation binding strength for the
[2C,mim:PF¢]" clusters compared to the [2C,mim:BF,]" clusters. Consistent with the observed
CID cross sections, the BDEs determined via thermochemical analysis exhibit only very minor
variation across both the cation and anions series. The strength of cation binding in the
[2C,mim:PF¢]" clusters is on average slightly weaker (by ~6.2%) than that in the [2C,mim:BF4]*
clusters.34* The slightly weaker binding of [C,mim]" to (C,mim:PFs) than (C,mim:BF,) is
attributed to the larger size of the [PF4]- anion, which increases diffusivity. Parallel trends in the
relative order of cation binding are observed for both the [2C,mim:PF¢]" and [2C,mim:BF,]*
clusters, where the strongest binding occurs for the smallest cations. Thus overall, the more

charge dense cations and anions produce the strongest binding.

CONCLUSIONS

Understanding the interplay between the intrinsic binding interactions and reactivity of
ionic liquids aids in their development for specific applications such as space propellants. While
the intrinsic binding interactions in ILs are in principle tunable through variation of the cations
and anions of which it is comprised, the effects of the cation and anion selected are still largely
understood on an empirical and macroscopic basis. Here TCID and theoretical approaches are
synergistically employed to elucidate the nature of the intrinsic binding interactions in
C,mim-PF; ILs and specifically to characterize the stable structures and energetics of binding in

the (C,mim:PFg) ion pairs and [2C,mim:PF¢]* clusters for n = 2, 4, 6, and 8. The apparent CID
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thresholds are observed to increase with increasing values of n, suggesting that the
[2Csmim:PF¢]" cluster binds the most strongly. However, the apparent CID thresholds may and
in this case do not accurately reflect the relative strength of binding among the [2C,mim:PF¢]*
clusters due to the opposing effects that the increasing internal energy and decreasing rate of
unimolecular dissociation have on the observed CID cross sections with increasing size of the
cluster. With the incorporation of internal energy considerations and lifetime effects using
RRKM theory, the trend in the thresholds determined is essentially reversed, with the binding
inversely correlated with the size of the cation.

Theoretical methods were employed for the [C,mim]" cations,* (C,mim:PF¢) ion pairs,
and [2C,mim:PF¢]" clusters. Comparison of theory and experiment suggests that the B3LYP
results are the most reliable for the prediction of [2C,mim:PF4]" BDEs with the smallest MADs
between experiment and theory. MO06-2X performs reasonably well with the predicted
[2C,mim:PF¢]" BDEs within experimental error of the measured BDES. Poorer agreement
between theory and experiment is found for B3LYP-GD3BJ. The theoretical results predict very
similar structures with only minor variations as a function of the size of the cation and among the
three functionals, leading to similar predicted energetics as a function of the cation. While
similar, minor tunability as a function of cation is predicted, where a slight increase in the
strength of binding predicted for the [2C,mim:PF¢]* clusters involving the smallest cations.
Binding in the [2C,mim:PF¢]* clusters is predicted to be slightly weaker than that in the
analogous [2C,mim:BF4]" clusters. Although accurate [2C,mim:PFs]" BDEs are determined
here, the precision of these determinations is insufficient to definitely establish the relative order
of binding among the [C,mim]" cations to [PF¢]-. To definitively establish a relative order of
binding and to improve the precision in the [2C,mim:PF4]" BDEs determined, a follow-up study

of the behavior of mixed [C,,mim:PF4:C,mim]" clusters is being pursued.
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Supporting Information. Tables of CID fragments of the [2C,mim:PF¢]* clusters,
geometric parameters, vibrational frequencies, average vibrational energies, and rotational
constants of the B3LYP/6-311+G(d,p), B3LYP-GD3BJ/6-311+G(d,p), and
M06-2X/6-311+G(d,p) ground conformers of the [Cymim]* and [PF¢]~ ions, (C,mim:PF) ion
pairs, and [2C,mim:PF]" clusters. Figures comparing CID cross sections for the [2C,mim:PFg]*
clusters; description of the nomenclature used to differentiate various stable conformations of the
[Cimim]" cations, (Cymim:PFs) ion pairs, and [2C,mim:PF¢]* clusters; stable
B3LYP/6-311+G(d,p), B3LYP-GD3BJ/6-311+G(d,p), and M06-2X/6-311+G(d,p) conformers of
the (C,mim:PFg) ion pairs and [2C,mim:PF¢]" clusters with superimposed NCI surfaces and
relative Gibbs energies at 298K; ESP maps of the B3LYP and M06-2X ground conformers of the
(Comim:PF¢) ion pairs and [2C,mim:PF4]" clusters; comparison of the computed isotropic
molecular polarizabilities of the [C,mim]" cations, (C,mim:PF¢) ion pairs, and [2C,mim:PF¢]*
cluster as a function of n; comparison of the zero-pressure-extrapolated CID cross sections for
the [2C,mim:PF4]" clusters with fits to the data using eq 1 shown individually as well as
normalized and overlaid; Maxwell-Boltzmann internal energy distributions and RRKM
unimolecular dissociation rate constants as a function of energy for the [2C,mim:PF4]" clusters;
comparison of the zero-pressure extrapolated CID cross sections of the [2C,mim:PF¢]" vs.

[2C,mim:BF,]" clusters.
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Table 1. Threshold Dissociation Energy at 0 K, Entropies of Activation at 1000 K, Fitting
Parameters of Eq. 2 and Kinetic Shifts of [2C,mim:PF¢]* Clusters.

Ey(PSL)>  AS'(PSL)" Ey* Kinetic Shift

System @V)  (Jmoll K o " (V) V)
[Comim]" 1.17(0.05) 18 (4) 61.1(2.6) 1.0(0.1) 1.93(0.06)  0.76
[Comim]*  1.16(0.05) 28 (4) 640(13) 12(0.1) 2.18(0.07)  1.02
[Comim]* 1.15(0.07)  16(4)  143.1(1.6) 1.0(0.1) 2.58(0.08) 143

[Csmim]*  1.14(0.05)  25(4) 116.9 (13.8) 1.3 (0.1) 2.83(0.12) 1.69

“ Present results, uncertainties are listed in parentheses. ® Average values for loose PSL TS. ¢ No
RRKM analysis.

Table 2. Enthalpies and Free Energies of Binding of [2C,mim:PFg]* Clusters at 0 and 298
K in kJ/mol.”

System AHO AHOb AHzgg-AHob AHzgg AHzggb TASzggb AG298 AG29gb

[Comim]" 113.0 (4.4) 1133  -3.6(0.1) 109.4 (4.4) 109.7 32.9 (1.5) 76.5 (4.6) 76.9
[C;mim]" 112.3(5.1) 112.6 -3.7(0.1) 108.6(5.2) 108.8 35.2(1.5) 73.4(5.4) 73.8
[Cemim]* 110.6 (6.6) 107.6 -3.7(0.1) 106.9 (6.6) 103.9 32.1(1.5) 74.8(6.8) 72.0
[Csmim]* 1103 (5.0) 107.6 -4.0(0.1) 106.3(5.0) 103.6 34.8(1.5) 71.5(5.2) 69.1

¢ Values are given in kJ/mol. Uncertainties are listed in parentheses. ? Density functional theory
calculations at the B3LYP/6-311+G(2d,2p)/B3LYP/6-311+G(d,p) level of theory including
BSSE corrections and with frequencies scaled by 0.9887.

Table 3. Bond Dissociation Energies for [2C,mim:PF¢]* Clusters at 0 K in kJ/mol.

B3LYPP GD3BJe MO06-2Xd
System TCID
Dy Dy, Bsse® Dy Do, Bsse® Dy Do, Bsse®
[Comim]* 113.0 (4.4) 119.2 113.3 134.1 126.4 134.5 124.4
[Cymim]* 112.3 (5.2) 119.0 112.6 130.8 122.5 126.4 116.8
[Cemim]* 110.6 (6.6) 113.3 107.6 120.0 111.9 130.9 119.6
[Cgmim]* 110.3 (5.0) 113.3 107.6 138.3 127.0 121.9 112.1

AEU/MAD!  53(0.9)f 4.72.1) 1.6(1.5) 193(7.7) 104 (6.6) 169 (4.8) 6.7 (4.3)

aPresent results. Uncertainties are listed in parentheses. PCalculated at the
B3LYP/6-311+G(2d,2p)  level of theory including ZPE corrections. °Calculated at the
B3LYP-GD3BJ/6-311+G(2d,2p) level of theory. dCalculated at the M06-2X level of theory
including ZPE corrections. ¢Also includes BSSE corrections. {Average experimental uncertainty
(AEU) and mean absolute deviation (MAD) between the measured and calculated values.
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Figure Captions

Figure 1. Chemical structures of 1-alkyl-3-methylimidazolium cations, [C,mim]* for n = 2, 4, 6,

and 8, and the [PF¢]- anion. The atom numbering of the cations is indicated.

Figure 2. Energy-dependent cross sections for the collision-induced dissociation of the
[2C,mim:PF¢]" cluster with Xe at a pressure of ~0.2 mTorr. Cross sections are reported as a
function of the center-of-mass (lower x-axis) and laboratory frame (upper x-axis) collision

energies.

Figure 3. B3LYP/6-311+G(d,p) and M06-2X/6-311+G(d,p) optimized geometries of the ground
conformers of the [Cymim]" cations, n = 2, 4, 6, and 8, and the [PF4]- anion. Noncovalent
interaction maps are superimposed on the optimized structures at an isosurface of 0.20 a.u. of the

reduced electron density gradients determined using the 6-311+G(2d,2p) basis set.

Figure 4. B3LYP/6-311+G(d,p) and M06-2X/6-311+G(d,p) optimized geometries of the ground
conformers of the (C,mim:PFg) ion pairs, for n = 2, 4, 6, and 8. Noncovalent interactions maps
are superimposed on the optimized structures at an isosurface of 0.20 a.u. of the reduced electron

density gradients determined using the 6-311+G(2d,2p) basis set.

Figure 5. B3LYP/6-311+G(d,p) and M06-2X/6-311+G(d,p) optimized geometries of the ground
conformers of the [2C,mim:PFg]* clusters, for n = 2, 4, 6, and 8. Noncovalent interaction maps
are superimposed on the optimized structures at an isosurface of 0.20 a.u. of the reduced electron

density gradients determined using the 6-311+G(2d,2p) basis set.
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Figure 6. Energy-dependent zero-pressure-extrapolated cross sections for the collision-induced
dissociation of the [2C,mim:PF¢]" cluster with Xe. The cross section is reported as a function of
the center-of-mass (lower x-axis) and laboratory frame (upper x-axis) collision energies. The
solid line represents the best fit to the experimental data convoluted with the neutral and ion
kinetic energy distributions. The dashed line represents the model cross section in the absence of

experimental kinetic energy broadening for reactants with a 0 K internal energy.

Figure 7. Comparison of B3LYP, B3LYP-GD3BJ, and M06-2X computed 0 K BDEs vs.
measured threshold dissociation energies of the [2C,mim:PF¢]* IL clusters for n =2, 4, 6, and 8.
The diagonal line indicates perfect agreement between the calculated and measured values. The
mean absolute deviation (MAD) between the computed and measured values is given for each

level of theory.

Figure 8. Comparison of the measured BDEs of the [2C,mim:PF¢]" clusters to those of the
[2C,mim:BF4]* clusters, for n = 2, 4, 6, and 8. The [2C,mim:PFs]" BDEs measured here are
compared to evaluated [2C,mim:BF,]" BDEs based on combined direct and competitive CID
experiments in part a, and to [2C,mim:BF4]* BDEs directly measured in part b. The B3LYP
predicted BDEs are compared in part c. The solid lines indicate equal BDES for the
[2C,mim:PF¢]" and [2C,mim:BF,]* clusters. The dashed lines show linear regression fits to the

data. Data for the [2C,mim:BF,4]* clusters is taken from references 43 and 44.
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1-column figure, please reproduce at 50% of the current magnification
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B3LYP/6-311+G(d,p)
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2-column figure, please reproduce at current magnification
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1-column figure, please reproduce at 50% of the current magnification
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Figure 7.
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1-column figure, please reproduce at 70% of the current magnification
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Figure 8.
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1-column figure, please reproduce at 70% of the current magnification



