PREPRINT

Heats of vaporization of room temperatureionic liquids by tunable vacuum
ultraviolet photoionization

Steven D. ChambreduGhanshyam L.Vaghjiarfi, Albert To’
Christine Koh! Daniel StrasseY Oleg Kostkd® and Stephen R. Leche

'ERC, Incorporated, Edwards Air Force Base, California 93524
%Air Force Research Laboratory, Edwards Air Force Base, California 93524
3Department of Civil and Environmental Engineering,
University of Pittsburg, Pittsburgh, Pennsylvania 15261
“Departments of Chemistry and Physics, and Lawrence Berkeley Ndtaimatatory,
University of California, Berkeley, California 94720

ABSTRACT

The heats of vaporization of the room temperature ionic liquids (RMbutyl-N-
methylpyrrolidinium bistrifluorosulfonylimide, N-butyl-N-methylpylidinium
dicyanamide, and 1-butyl-3-methylimidazolium dicyanamide are detednusing a
heated effusive vapor source in conjunction with single photon ionizagiantbnable
vacuum ultraviolet synchrotron source. The relative gas phase lignid vapor
densities in the effusive beam are monitored by clearly ndisished dissociative
photoionization processes via a time-of-flight mass spectrometartanable vacuum
ultraviolet beamline 9.0.2.3 (Chemical Dynamics Beamline) at tdeaAced Light
Source synchrotron facility. Resulting in relatively few usmsptions, through the
analysis of both parent cations and fragment cations, the heat ofaadijooriof N-butyl-
N-methylpyrrolidinium bistrifluorosulfonylimide is determined i@ AHa(298.15 K) =
195+19kJ mol'. The observed heats of vaporization of 1-butyl-3-methylimidazolium
dicyanamide £H,((298.15 K) = 174+12 kJ md) and N-butyl-N-methylpyrrolidinium
dicyanamide £H,o(298.15 K) = 171+12 kJ mo) are consistent with reported
experimental values using electron impact ionization. The tunableiswvaaltraviolet
source has enabled accurate measurement of photoion appearandes.endigese
appearance energies are in good agreement with MP2 calculédiordissociative
photoionization of the ion pair. These experimental heats of vaporizgthotoion
appearance energies, aalglinitio calculations corroborate vaporization of these RTILs
as intact cation-anion ion pairs.
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Introduction

lonic liquids are classified as ionic salts that have meltingtpait and below T =
100 °C. Room temperature ionic liquids (RTILs) are liquids under arnb@nditions.
RTILs represent a new class of “green” solvents that potenitalh replace highly
volatile organic solvents and hydrazine-based hypergolic felRTILs typically have
large, multi-atom cations such as ammonium, pyrrolidinium, imidaxgliwiazolium,
and tetrazolium ions that have diffuse positive charge distributions@mgbolar alkyl
functional groups (Figure 1). The diffuse nature of the ionic ckagenbined with the
large effective cation-anion distance in RTILs results iatnetly low lattice energies.
By contrast, a typical ionic salt, NaCl (melting point T = 8@), ’has very localized
charge distributions on each ion, and the separation between cation amdsasrnall,
therefore a strong Coulombic attraction exists between sodiunchdoide ions in the
condensed phase. As a result, the lattice energy of Na@lak higher than for RTILS,
and the phase transition from ionic solid to liquid occurs at a muchrhei@erature in
NacCl than for RTILs.

Due to their ionic nature, RTILs were originally thought to hassestially no
vapor pressure. Recent studies of RTILs in vacuum have demamhshratesome RTILs
can be distilled in vacuum with little thermal degradafiras noted in more detail
below. Transpiration and Knudsen methiotigsve also been applied to vaporize and
recover RTIL condensaté$™® To evaluate the thermal stability of a compound, studies
such as differential scanning calorimetry (DSC) and thernaadirgetric analysis (TGA)
éfl.4—16

are typically carried out at atmospheric pressuf Recent TGA studies have

shown that significant mass loss of RTILs can occur at teriypesawell below the onset
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decomposition temperatures reported in DSC stdfliesSuch loss in mass could
represent depletion through vaporization of intact RTILs.

The ionic nature of RTILs may lead to dramatically differeajporization
mechanisms than for molecular liquids. For protic RTILs (hadngH bound to a
nitrogen in the cation ring), typically a proton is transferredthe anion during
vaporization and neutral species are forrhed:

[AH][B] > A+ BH (1)
These neutrals can be volatilized, and upon condensation, the RTIL cafoimeed by
proton exchange to the weaker acid (the reverse of Reaction 1 aboUkg
groundbreaking study by Earle efalemonstrated that when aprotic RTILs (having only
alkyl groups bound to the cation ring nitrogens) are heated icwung recovery of the
vapor produced the same RTIL with little or no degradation forrak¥amilies of
RTILs. Vaporization of mixtures of RTILs showed that one componensuasessfully
enriched upon fractional distillation due to the differences in vapssure of one RTIL
versus another. The thermal stability of certain families of RTILs waittributed to the
weak nucleophilicity (tendency to react with carbon) of the anidmitially, the
vaporization mechanism was proposed to be via cluster formation inath@hgse.
More recent studies using photoionizattotine of sight mass spectrometf® Fourier
transform ion cyclotron resonantéand field desorption/ionizati6hmass spectrometric
techniques suggest that vaporization of these thermally stablespewia neutral ion
pair formation in the gas phase. However, aprotic RTILs with diromgcleophilic
anions can react when heated, and the recovery of pure RTIL by vastilation may

not be feasible.
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Theoretical modeling of RTIS has been of great interest in order to predict such
important properties as heats of formation, heats of vaporizattdmelting and boiling
points, viscosity, and thermal decomposition mechanfdmgnamics calculations have
indicated that vaporization to produce an intact ion pair is enerdgtiaabred over ion
cluster formation (multiple cation-anion ion pairs), where largastelrs have higher
heats of vaporizatioff. The ionic nature of these liquids has made predicting these
properties difficult and very few experimental data existdofiem theoretical heats of
formation and heats of vaporization values, quantities that are iak$entevaluating
RTIL performance as propellants.

The implication that RTILs evaporate as intact ion pairs isdas detection of
the intact cation by mass spectrometry using photoionization otragldmpact
ionization, as well as photoelectron spectroscopy and calculatiors attcepted that
photoionization or electron impact ionization of the neutral ion pair, feidbvoy
dissociation, leads to a cation and a neutral, and the cation is tleeteddby the mass
spectrometer:

[A'B] +hv> [A'B]+€ > A"+B+¢€ (2)
Direct detection of the ion pair has been elusive, most likelyusecaf the use of
relatively high energies of the ionizing photons (23.2 eV) or elec{td?400 eV) versus
the energy required to dissociate the ion pair:
[BMIM] *[dca] > BMIM* +dca AH =3.59 eV at 298 K (G3MPY) (3)
where [BMIM]'[dca] is the RTIL 1-butyl-3-methylimidazolium dicyanamide. However

recent progress has been made towards direct detection of ioff pairs.
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In this study, a first report is provided for determinationstted heats of
vaporization of room temperature ionic liquids by tunable synchrotron phatatamm
detection. Several ionic liquids, N-butyl-N-methylpyrrolidinium
bistrifluorosulfonylimide, [pyrrs] [NTf5]", N-butyl-N-methylpyrrolidinium dicyanamide,
[pyrrig‘[dca], and 1-butyl-3-methylimidazolium dicyanamide, [BMINtjca], are
studied by means of an effusive vapor source coupled to a vacuum olgtravi
photoionization time of flight mass spectrometer (PI-TOFMS). akalysis of the
strengths of the photoionization method is made, which include the dbilgidy the
heats of vaporization of the ionic liquid molecules at the tunablesiibids for
dissociative photoionization, good comparisons betweemithg, results from several
fragment masses, and an ability to assess the temperdapendence of the
photoionization cross sections. Furthermore, the comparison of exptimaotoion
appearance energies with theory supports a dissociative photoimmiggchanism. To
our knowledge, this study is the first reported measurement of #ie@heaporization of
[pyrria [NTf,]". The heats of vaporization of [BMIMHca] and [pyri4] [dca] obtained
here are in reasonable agreement with previously reported experimentatemesads.
Experimental

The experiments are performed on the Chemical Dynamics IBeara tunable
VUV beamline 9.0.2.3 at the Advanced Light Source in Berkeley, CaliforRiaduct
masses are detected as a function of vaporization temperattie afic liquid and
tunable photoionization wavelength. The PI-TOFMS repeller is pulsé@ &Hz and
typically data are accumulated for 200,000 pulses per mass spe@aurfpyrn4] ‘[dca],

200,000 pulses are accumulated at 12.0 eV photon energy at 473 K, 483 K, and 493 K.
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For [pyrrg [NTf,]” and [BMIM]'[dca], photoionization efficiency (PIE) data were
acquired as the VUV photon energy is scanned from 8.0 to 15.0 eV in Ostep¥
(photon energy resolution was 0.025 eV). The effusive beam is atient
counterpropagating to the VUV beam. In this first study, Plta @ae taken over a
limited temperature range, at 468 K and 483 K for [BMIM¢a], and at 583 K and 613
K for [pyrri4 '[NTf,]". In addition, data for [pyrs] '[NTf,]” are also accumulated at 12.6
eV and at 15.0 eV for longer signal averaging of 9 million putgrsspectrum at both
583 K and 613 K.

The RTIL source is a modified version of a source described préyiQus
Briefly, the source uses a Pyrex reservoir that has a narrdet tulie (Figure 2). Each
region is surrounded by a machined aluminum block. Each block is heptadtsl by
4 cartridge heaters embedded evenly around the cell axis. Tieesheaeach region are
controlled by separate power supplies (0-40 W per region), anchdahequilibrium
within the source is reached before PIE curves are measurederfiperatures in each
region are measured using previously calibrated type K thermosoapk from the
uniformity of the heated regions and thermocouple readings, the raomee values
reported here are assessed to have an errg8 & Although the temperatures of the
reservoir and outlet regions can be controlled separately, fdr diegaporization
determinations the temperature of the reservoir region is de¢ tequal to the outlet
region. In order to examine pyrolysis of ion pairs in the gas@ithe temperature of the
outlet region can be set at a higher temperature than theogsregion, and pyrolysis
experiments will be described in a future publication. The expatahtemperatures are

selected by performing differential scanning calorime@$C) on the ionic liquids prior
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to the photoionization experiments. The temperatures are selediedmell below the
decomposition temperatures of the ionic liquids to avoid pyrolysis.

The raw mass spectra are corrected for fluctuations in therpofnvthe light
source by monitoring the power at a VUV photodiode whose waveleegplomse curve
had previously been characterized. The synchrotron is operated inncdoptaff mode
and the ring current is kept constant at 500 mA. Low source temapeigiectra are
scaled and subtracted from the high temperature data to removackground signals
not due to the RTIL. Figure 3 shows a typical corrected massrgpe PIE curves are
determined by integrating the peak areas of a given mass hnpbaton energy mass
spectrum. Appearance energies were determined by a lineassiegr of the first 5
points above the signal-to-noise ratio, with an estimated uncertait@y2gV.

1-butyl-3-methylimidazolium  dicyanamide (>98%) and N-butyl-N-
methylpyrrolidinium dicyanamide (>99%) are obtained from EMD. butlyl-N-
methylpyrrolidinium bistrifluorosulfonylimide (>98%) is purchas&#dm Aldrich. In
order to remove volatile impurities present in the sample, the Baithples are heated in
high vacuum (base pressure ®1Pascals) for 12 hours prior to the experiments as
follows: [pyrris '[NTf,] at 453K, [pyri4 [dca] at 378 K, and [BMIM][dca] at 358 K.

Ab initio calculations are performed using Gaussian $3Wthe HF 6-31+G(d,p)
or B3LYP 6-31+G(d,p) level of theory to preoptimize geometri€nal optimization
and energy calculations are performed at the MP2 6-31+G(d,p) ant B}3+G(d,p)
levels of theory using GAMES%?® Resulting MP2 and MO06 energies at 0 K are
corrected for unscaled zero-point vibrational energies. Baspdewious calculations of

RTIL ionization processes using HF 6-31+G(d,p), B3LYP 6-31+G(d,p), aR@ &t
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31+G(d,p) levels of theory, MP2 6-31+G(d,p) is selected as therprdfmethod due to
good agreement with experimental ionization potentials and ionizatiodst The MP2
6-31+G(d,p) level of theory is assigned an uncertaintyOof eV based on our previous
calculations. Due to complications with MP2 for [py¥i{dca] explained below, M06
was used to calculate the ionization energies for {fjyidca].
Resultsand Discussion

As noted, a mass spectrum of [pdf{NTf,] taken at 613 K and 15.0 eV photon
energy is shown in Figure 3, and the PIE curves for mass 142 at 88d K13 K and
mass 84 at 613 K are shown in Figure 4. Mass 142 represents ithg Tparent cation
of the ionic liquid ion pair in the gas phase (equation 2). The appeachmass 84 is
due to fragmentation of the internally hot [py}t cation, which can be attributed to
C4Hio loss. From these curves, the appearance energies of thengesuéct cation and
fragment cations can be determined, allowing insight into the erexgétionization of
the ion pair and possible ion fragmentation pathways. The observedamgeanergies
for masses 142 and 84 are#£ and 10.80.2 eV, respectively, which are in excellent
agreement with their corresponding MP2 appearance energies+0f192nd 10.10.1
eV. The thermal contribution due to the small temperature diffeseme these
experiments< 30 K) should only amount to a few millielectron volts at the teatpegs
involved, causing a shift to lower appearance energy due to hot banssimaller than
the resolution of our experiment.

By comparing the intensities of mass 142 peaks, which are proporntmiiad

number densities of the ion pair in the RTIL vapbat two known source temperatures
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T, and T, and applying the Clausius-Clapeyron equation, the heat of vaporizatibis i
temperature range is directly determined:

AHyap = -RIN(L/1)[(T1T2)/(T2-T1)] 4)
where | is the measured mass 142 peak intensity, and R isghmigstant. Over the
temperature range of this experiment, the photoionization crossrsat a given photon
energy is considered to be constant. The branching fractiongHeormnized ion pair to
intact cation or cation fragments are considered to be constant as well.

The heat of vaporization of [pya [NTf,] is determined using equation 4 and
the data in the following ways: 1) using the sum of the intensifiedl the points along
the mass 142 tunable wavelength PIE curve (36 points with 7.2 millioasptd&al per
curve) at T and T, 2) by individually comparing the intensities atahd T, of mass 142
at one specific wavelength, 12.6 eV, and 3) by analyzing the ressdt@@l5.0 eV. A
longer signal averaging condition of 9 million pulses is usedherdst two cases. 1 T
and T, are 583 and 613 K, respectively. A similar analysis is performed for8daaso.
Table 1 summarizes the experimenl,,, values obtained. The experimentddap
values have been corrected to 298.15 K usingCa value of —105.4 J-&mol™* for
[BMIM] *[dca] and [pyriq[dca],*® and a value of =94 JKmol? for [pyrri4] [NTf,].2°
The uncertainties in Table 1 represent twice the standard devadtihe measurements.
The larger uncertainties in these measurements are theakhlalting fewer data points
across similar temperature ranges for determining thé dfe@aporization versus the
more extensive maps versus temperature in the referenced works.

Good agreement fakHy,p calculated using masses 142 and 84 (170.5 vs. 162.9

kJ/mol, Table 1) indicates the possibility of calculatitidy., from mass fragments of the
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cation, and mass 84 is used successfully to determingHthg of [pyrri4“[dca]. One
possibility why mass 84 is usable for determining the heat pbrization for the
[pyrri4 *-containing RTILs may be due to its increased stability fronsiptes resonance
structures of the catiofi. This stability also could explain the significant fragmeatat

of the intact cation to mass 84 under such soft ionization conditiorieen \Motting Inl
versus 1/T of mass 84 at 473, 483, and 493 K, the heat of vaporizatianideteby the
slope of these points agrees well with the averaged valti,gslope) vs.AHyap
(average), Table 2). Mass 84 analysis for the heat of vaporizatifmyrris) [dca]
agrees reasonably well with the reported literature valuel€T2). For [BMIM][dca],
masses 82, 97, 124 and 137 are used to calculate the heat of vaporizatitim and
reported heat of vaporization value is slightly higher than thefiter value (Table 1).
The successful determination aH,,, from fragment masses is important because for
some RTILs the intact cation may not be detected. In fact, ongryaweak parent
cation ion peak at mass 142 is detected for [glyfdca] and no parent peak at mass 139
is detected for [BMIM][dca]. The present\Hyap of [pyrrig '[NTf,] is consistent with
heats of vaporization determined for other NTbased RTILS'?!3222429 The
temperatures used in these experiments are well below théegkpmset decomposition
temperatures (non-zero DSC slope) for these species (Table 2).

To assess the temperature dependence of the photoionizatiorsettes, the
relative shapes of the PIE curves obtained at the experimmeséal/oir temperatures are
compared. Figure 5a shows the comparison of thejpyNTf,]" mass 142 PIE curves
at 583 K and 613 K. In order to try to force the curve shapes to métuedr, ttean simply
scaling the PIE curve at 583 K to the PIE curve at 613 K sdahédtighest points match,
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the PIE curve at 583 K is scaled iteratively to fit to the 613aka by a least squares fit
where the sum of the squares of the difference between two poiat$ixad photon
energy is minimized:

(d/dSE (Skgz— le13)” = 0 (5)
By this method, if the scaled PIE curves are identical, ®H&isss — ls19° would
necessarily equal zero, and S s{lsg3). However, if the curves do not match exactly,
thenX (Shss — ls19° > 0. In Figures 5a-b, for [pyu] [NTf,] the high temperature PIE
curves for both mass 142 and mass 84 appear to have shifted sodhtiher intensities
between 10 and 13.6 eV (&< ls13), and to lower intensities above 13.6 eVs{SF ls19)
relative to the low temperature PIE curves. Due to thisitsibift in the PIE shape at
higher temperature, in the region where the PIE intensity aseswith temperature:
Slsgs < Ig13 (10-13.6 eV), the Clausius-Clapeyron approach systematically tueatess
the heat of vaporization. In the region where the PIE intensityedses with
temperature above 13.6 eV wheresSP lg13 the Clausius-Clapeyron calculation will
underestimate the heat of vaporization. Because there are mats poithe PIE
summed calculation where s& < lg13 (8-13.6 eV, 29 points) than wheressl>
l613,(13.8-15 eV, 7 points), the PIE summed result from the Clausiusy@tape
calculation will systematically overestimate the actualt ledavaporization, although
these effects will tend to cancel somewhat. |If, instead ofrrdeteg the heat of
vaporization of [pyry] [NTf,]” using the ratio of summed PIE intensitiegylsgz = 6.17,
AHyap = 180.3 kJ/mol, Table 1) of mass 142 in the Clausius-Clapeyron equatiamnseme
the curve fitting scaling factor S = 5.29 from Figure 5a, theltrés AHyap = 165.0

kJ/mol, a reduction in the calculated valueAbi o, by 8.9% A similar treatment for
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mass 84 (Figure 5a) and for masses 97 and 137 of [BNtMY] in Figures 5c-d results
in overestimates of 1.1%, 6.3%, and 1.1%, respectively. The sishiltis in the PIE
curves in Figure 5 indicate this is a systematic phenomenosedBmAH, 4, calculated
from the measured PIE curve sum values and comparison with timg $aator analysis
which takes into account the slight temperature shift in PlEesurtheAH,., values
determined by PIE summed data likely contain a systematicstweation of 1 to 10%,
depending on how much the PIE curve shifts at the higher temgera&arimprovement
in the accuracy of this method will be to select a photon energyevihe scaled PIE
curves cross at S 3/l; and competition between photoionization cross section and
fragmentation cancel each other out. For example, monitoring the dapsity as a
function of temperature at ~13.6 eV and determiiRig,, from the slope of a plot of Inl
versus 1/T° would increase both the accuracy and precision of this method.

The PIE curve shift at higher temperature could be due to &efaetars.
Competition between increased photoionization cross section and incréase
fragmentation at high temperatures may account for this obsdnifed Below 13.6 eV,
a larger photoionization cross section at high temperatures couldneimashift to
higher intensities, and above 13.6 eV, increased ion fragmentation retthecE4E
intensity. A direct comparison of the branching ratios of nsa84é142 at two different
temperatures is shown in Figure 6. Above ~12 eV, the increasamching ratio at
higher temperature indicates increased ion fragmentation with increasipgrature.

There are several advantages for using photoionization verstuiselémpact
ionization for measuring heats of vaporization for RTILs. Theomaenergy spread of

the light source (0.025 eV) and soft ionization conditions minimize etifiect of
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fragmentation of the parent cation and allows for appearancgien¢o be determined
accurately. Typical electron impact ionization energies avana 70 eV, where the
electron impact ionization cross section curve is large and the siidpe curve is flat
for many atomic and molecular species, but molecular fragnmtiat smaller species
can be extensive. In this work, photoionization measurements yie&hehiong ratio of
masses 84/142 of nearly one for [p@{NTf,], indicating the small extent of
fragmentation of the [pyrfjunder the present soft ionization conditions versus electron
impact ionization of [pynr] ‘[dca] with a branching ratio of masses 84/142 that is about
an order of magnitude high&. Although fragmentation of the parent ion can be
minimized by lowering the electron impact energy, the eledtrgact ionization cross
section changes rapidly as a function of electron energy nemmikation threshold®*!

and may be highly susceptible to thermal effects near the tmmzareshold. Also, the
energy spread of a typical electron gun is limited to > 0.5 e¥ititig the energy
resolution in threshold measurements. Therefore, determining appeanergies of
ions by electron impact ionization is difficult and has large associatedaintes.

From the accurate determination of photoion appearance energies pyesent
method, comparison with theoretical energy calculations can be.madbe initio
calculations of the energetics involved in the dissociative photoimmzgirocesses
(described below) are in excellent agreement with the expetatly determined
photoion appearance energies. The measured mass 142 appearaycendfigure 4
(9.4£0.2 eV) agrees well with thab initio value of 9.20.1 eV calculated at the MP2 6-
31+G(d,p) level of theory (0 K, ZPVE corrected) for the [p§ffNTf,]" ion pair

(equation 6). An appearance energy of 0.1 eV (experimental value = 1&@.2 eV)
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was calculated for mass 84, assuming elimination #f;£from the pyris" cation to
form the resonance stabilized cationic structure postulated invdoysepublication
(equation 7)® The electron affinity for the N¥f radical is calculated to be 5.7 eV at the

MP2 6-31+G(d,p) level of theory.

[NTF,]"

+/ +hy ——— -[\i]_/ + NTfy + €
N\/\/ \/\/

(6)
[NTf,]
+
+,/ +thy —— Q =CH, +CHio+NTfs +¢€
N
\/\/ 7)
7N\
7 N\
N N . +/ C/ \C
+ N + +
X AVERE A T
NS )
7\
7 N\ N
N N A + C/ \C
+hy ——— N==CH, + C4Hjo+ +e
RJL</\/ V P 7 N C°
9)

Calculation of the adiabatic ionization potentials of dicyanamidemc4] ‘[dca] at the
MP2 level was precluded due to the inadequacy of a single conitgunaference

wavefunction for the neutral dicyanamine speli¢owever, the electron affinity for the

®The need for a multiconfigurational referenceiyenamine is evident from (a) the high degreepad s
contamination present in the unrestricted HartreekfUHF) wavefunction (<& = 1.303, compared to
0.5 for a pure spin doublet) and (b) the preseficaultiple unphysical natural orbital occupatiommers
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dicyanamide radical has been determined experimentally to be 4.1%5 ©¥ing this
value along with the theoretical values in Table 3, the appearapcgyefor mass 84 in
equation 9 is estimated to be 8.#30.1 eV, and is in excellent agreement with the
experimental appearance energy for mass 84 in the (Jpjdca] dissociative
photoionization of 8.80.2 eV. The estimated appearance energy of the intacipyrr
cation in equation 8 is 7.81 eV. However, the experimental sigmadise ratio for this
species was not sufficient to determine its appearance eakigugh it was detectable
at higher energies. From MO06 calculations, the vertical and adialonization
potentials of [pyriy]‘[dca] are 7.8 eV and 7.7 eV respectively, and the M06 vertical
ionization potential agrees well with the MP2 vertical ionizatuaential of 7.7 eV.
Overall, the agreement between theory and experiment supports dgbeciaiive
photoionization of isolated cation-anion ion pairs in the gas phase.
Conclusions

Heats of vaporization for several room temperature ionic liquid®e Heeen
determined by effusive beam VUV photoionization mass spectrometryhe
photoionization cross section is considered to be temperature indep@héeanising the
PIE curves for the Clausius-Clapeyron analysis. We estimptesitive systematic error
of up to 10% for this assumptiofter thermal correction to 298.15 K, tiAdl,, values
of [BMIM] *[dca] and [pyri4][dca] reported here are in reasonable agreement with the
previously reported experimental values. For [pJiiNTf,], AHyay(298.15 K) is
calculated to be 195+1)) mol*, which has not been reported previously. Detection of

the intact [pyri4]” cation is indicative of the presence of neutral cation-anion iva jpa

(see Gordon, M. S.; Schmidt, M. W.; Chaban, G.®gsemann, K. Rlournal of Chemical Physics 1999,
110, 4199) obtained from the second order Z-averagetighbation theory (ZAPT(2)) relaxed density
matrix.
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the effusive beam which dissociate to form [pjfr and neutral NTf at low VUV
photon energy. A second dissociation pathway detected is themifficagmentation of
[pyrris” to produce mass 84. Together, these experimental heats of vapoyizat
photoionization appearance energies, ahdnitio calculations support a vaporization
mechanism for RTILs as intact cation-anion ion pairs.
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Figure Captions

Figure 1. N-butyl-N-methylpyrrolidinium bistrifluorosulfonylimide [pys] [NTf2]" a
room temperature ionic liquid.

Figure 2. lonic liquid effusive beam source.

Figure 3. Mass spectrum of [py]'[NTf,]” at 15.0 eV photon energy and source
temperature of 613 K.

Figure4. Photoionization efficiency (PIE) curves of [pplf[NTf,]” for mass 142 at 583
and 613 K and mass 84 at 613 K.

Figure 5. Least-squares fiinalyses of the PIE curves f(&) [pyrrig ‘[NTf,] of mass
142 at 583 K relative to 613 Kb) [pyrrg '[NTf5] of mass 84 at 583 K relative to 613 K,
(c) [BMIM] *[dca] of mass 97 at 468 K relative to 483 K, ddyi[BMIM] *[dca] of mass
137 at 468 K relative to 483 K.

Figure 6. Mass 84/142 branching ratios for [pyif[NTf,] at 583 K and 613 K as a

function of photon energy.
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