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Vaporisation of a Dicationic lonic Liquid
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lonic liquids (ILs) are liquids below 100°C consisting solely of
ions. They exhibit a combination of properties, for example,
electrical conductivity, involatility and tuneable solvent behav-
iour, which has led to a large number of potential applica-
tions. Of particular interest here is the large enthalpy of va-
porisation (A,,,H), and hence low volatility, which is particularly
useful for validation of force fields in molecular dynamics simu-
lations,” and the nature of the IL vapour itself. Recently, mono-
cationic ILs of the type CTA " have been successfully evapo-
rated,”** and distilled,”*” and the vapour was shown to con-
sist of neutral ion pairs (NIPs).*®7'% Here we report the first
A,.,H measurement of a geminal dicationic IL, C**2A~, 1,3-
bis(3-methylimidazolium-1-yl) propane bis[(trifluoromethyl)sul-
fonyllimide, [C5(C,Im),][THNL™ (1 in Scheme 1), together with

Scheme 1. [C5(C,Im),][Tf,N],, compound 1.

the nature of its vapour, and the electron-induced appearance
potentials for key ionic fragments from the vapour. We found
that A,,,Hys=190 kJmol™, which is much higher than the
values measured so far for ILs of the kind C*A~. The C*"2A~
vapour consists of neutral ion triplets (NITs), and an anoma-
lously large energy is required to produce the gas phase dicat-
jon, C*+.

Geminal dicationic ILs have a doubly charged cation (C*")
composed of two singly charged cations linked by an alkyl
chain, with a singly charged anion associated with each singly
charged cation."? Dicationic ILs offer enhanced synthetic op-
portunities™ and exhibit greater thermal stability™'*'® than
monocationic ILs, allowing them to be used as solvents!>"®
and lubricants"” at elevated temperatures. Furthermore, they
also find application in analytical chemistry, particularly as the
stationary phase in gas chromatography columns,”**? electro-
spray ionisation mass spectrometry and to detect small quanti-
ties of anions via gas-phase ion association.”>?¥ The ability of
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dications to form gaseous ions containing distonic cations
(charged and radical sites formally placed apart in the molecu-
lar framework) may also be used to investigate radical reac-
tions in the gas phase.*

The subject of this study, 1, was selected as it is reported to
have a relatively low melting point, 269 K,">?* and it contains
[Tf,N]~ as anion. Monocationic ILs containing [Tf,N]~ have low
A,,oH values® and are thermally more stable than those con-
taining more nucleophilic anions. The short C; linker chain also
minimises the extra mass associated with linking the two imi-
dazolium ions. The vapour was formed by evaporation from a
thin film of the IL on a heated silver “dip-stick” in ultra-high
vacuum (UHV) and it was analysed by line-of-sight mass spec-
trometry (LOSMS)?*% to eliminate extraneous gaseous back-
ground signals. We have already successfully applied this tech-
nique to the determination of A,,,H values for monocationic
ILs.

Compound 1, [C5(C,Im),][T,N],, was synthesised"? and char-
acterised at Nottingham (see the Supporting Information). The
IL (a solid at room temperature) was melted in UHV (T~333 K,
significantly higher than the literature value of 269 K'%*) and
a thin liquid layer was formed on a silver dip-stick by immers-
ing it in the melted IL. The dip-stick was heated to evaporate
the IL using either a constant elevated temperature for mass
spectral analysis, or a linear heating programme for TPD." LOS
mass spectra of the vapour were acquired using a pulse-count-
ing mass spectrometer shrouded by a cryopump (80 K) with
two apertures that define a line of sight (i.e. form a molecular
beam of the vapour) between a small circular patch on the
liquid surface and the ionisation volume of the mass spectrom-
eter. A flag was used to intercept the IL molecular beam, allow-
ing decomposition products produced within the mass spec-
trometer itself to be identified and removed from the mea-
sured mass spectrum, leaving a pure IL vapour spectrum. The
temperature was measured using a type K thermocouple at-
tached to the dip-stick.

Figure 1a shows the LOSMS for compound 1 vapour at
554 K, taken with a movable flag positioned out of the line-of-
sight beam, such that both the pure IL mass spectrum and
contamination peaks due to decomposition of the IL within
the mass spectrometer are recorded. Figure 1b, taken with the
flag positioned in the line-of-sight molecular beam, shows just
the contamination peaks, while the subtracted spectrum, Fig-
ure 2c (Spectrum c=Spectrum a—Spectrum b), shows the
peaks for the pure IL. The molecular ion, {{C;(C,Im),][Tf,N],}**,
or [(*"2A71"" (2 in Scheme 2) is too heavy to be accessible to
our mass spectrometer, but we would have expected it to be
absent from the spectrum anyway (see below). The three most
intense peaks are 3, [(*" A"] (m/z=486), where one anion has
been lost from the molecular formula; 4, [(CH)C,lm]™ (m/z=
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Figure 1. LOS mass spectra of 1 for vapor at 554 K: a) flag “out”, b) flag “in”
molecular beam, c) pure IL,=a—Db. d) TPD for a thin film of 1 monitored
using 3, m/z 486, solid line shows analysis range.
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Figure 2. lon efficiency curves for 3 (486), and 5 (103).
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Scheme 2. lonisation of 1 in the vapor phase (), followed by fragmentation
(II-V) of the transitory ion 2.

123), a fragmentation product already observed for monocat-
jonic imidazolium ILs; and 5, the doubly charged parent
cation, [C*"] (m/z=103). No peak was observed for [Tf,N]"
(m/z=280) and on reducing the electron bombardment
energy to <8 eV, no ions were detected in the mass spectrom-
eter, showing that the IL vapour is composed solely of neutral
species.

The presence of 3 strongly indicates that the vapour is com-
posed of neutral ion triplets (NITs) of the form [C,(CiIm),]-
[Tf,N],. In Scheme 2, the gas-phase NIT is ionised in step | to
form a transitory excited molecular ion, [(?*2 A1*", 2. The ion-
ised electron effectively comes from one of the A~ species,
forming [C*" A~A’] which rapidly dissociates due to loss of elec-
trostatic bonding to produce the [C*" A7] ion, 3 (detected),
and neutral A’ (not detected). Very recently Gross® has man-
aged to observe the “molecular ion”, [C*A7]"", from monocat-
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ionic ILs (CA), by employing the very soft gas phase ionisation
method of field ionisation. By contrast our results for monocat-
ionic ILs" using the more energetic electron impact ionisation
method caused dissociation of the “molecular ion”, and hence
no observation of the [CTA7]"" ion occurs. From this, we pre-
dict that the [(?T2A]1"" species 2, is too short-lived to be de-
tected using electron impact ionisation (as herein), but should
probably be observable when using softer ionisation methods.
Formation of 4 probably occurs by cleavage of a C—N bond
(step lll) while formation of the ion 5 involves either stepwise
elimination of the second A~ (step IV), or simultaneous elimina-
tion of A"and A~ (step V).

Figure 2 shows ion efficiency curves for the production of 3
and 5 from 1, while Table 1 shows the appearance potentials
(E,) for these and 4 (see the Supporting Information). If we

Table 1. Appearance potentials for ions.

m/z lon (Compound in Scheme 2) E/eV

486 [CTATT(3) 11.7+04
123 [GH(CIm)] " (4) 15.7+04
103 [C**1(5) 30.0+£04

assume that the dissociation energy for step Il is small, then E,
for 3, 11.7 eV, is also that for the molecular ion 1 (step I), and is
of a similar magnitude to the ionisation energies of neutral
molecules”®. E, for 4, 15.7 eV, is 4.0 eV greater than for 3,
strongly suggesting that this ion is formed by fragmentation
of 3 (step lll). E, for 5, 30 eV (step V), is far greater than for the
other fragment ions, the difference between E, for 3 and 5
being 18.3 eV. This is the dissociation energy required to break
the second electrostatic bond in 3 between the dication and
the remaining [Tf,N]~ anion (step IV). A simple electrostatic cal-
culation, using point charges, with A~ equidistant (r) from each
charge on C**, gives r=1.6 A for the measured dissociation
energy of 183 eV. This distance (shorter than a Li—F bond
length) is unfeasibly small for an imidazolium—[Tf,N] distance.
However, using more realistic distances and charge distribu-
tions on the ions leads to calculated dissociation energies
much lower than the measured value. We therefore conclude
that 5 must be formed in a highly excited state, possibly due
to vibration of the two positive charges which are tethered by
the C; alkyl chain.

Temperature programmed desorption (TPD) of 1, monitored
using 3, Figure 1, exhibits an exponential increase in intensity
as expected for zero-order desorption.” A log.(intensity) versus
1/T analysis (Figure 1d and see the Supporting Information),
yields the activation energy, E,, for desorption.”’ Ten desorption
experiments gave E,=A,,,Up,=153+3 kimol™' for an aver-
age desorption temperature of T, =545K, where A, Ur, is
the internal energy of vaporisation, (as evaporation occurs into
a vacuum). Addition of RT,, to A,,Uss gives A, Hs;s=
158 kimol™', the enthalpy of vaporisation at T,.. To convert this
to Ay,pHa0s We need the difference in heat capacity between
gas and liquid at constant pressure, A%Cp (= Cpgas—Cpiiquia)-
Using a fixed value of —94 JK 'mol™" (=A9C, for [C,CiIm]-
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[Tf,N]®" used in previous work for monocationic ILs*), we
obtain A, ;H,03=181 kJmol™ for 1. However, 1 (m.wt. 766.58)
is 1.83x more massive than [C,C,Im][Tf,N] (419.36), so one
would expect A%C, to be corresponding larger,
—172JK"'mol ™", giving A,,,H,es =200 kJmol~". Because of this
uncertainty in A%C, we set A, Haos=190=+15 kmol~' for 1.
AupHags for 1 (190 kimol™) is far higher than any so far
measured for monocationic ILs (refs. [4,32] and references
therein). This can be explained as follows. If we cleave one
mole of 1 asymetrically at a C—C bond in the alkyl linkage and
add a hydrogen to each resulting half, we obtain a mixture of
1 mole of [C,C,Im][Tf,NI*¥ (6), V,,=242.8 cm*¥ and one mole
of [C,C,Im][TF,N] (7), V,,=257.2 cm*3* (Scheme 3). This is a mix-
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Scheme 3. Enthalpy of vaporisation for 1 mole of the dicationic [C>"2A] IL
(left) and the equivalent combination of two moles of monocationic, [C*A],
ILs (right).

ture with a volume approximately equal to the sum of the in-
dividual V,, values (=500 cm?®), where V,, is the molar volume.
For 1, V,,=476.1 cm*2 a value only 5% smaller than that of
the mixture of 6 and 7. Evaporation of the mixture of 6 and 7
to form two moles of NIPs requires A, Hys= 134"+ 134 =
268 kJmol™'. One might expect evaporation of 1 to form one
mole of NITs to be similar, but the value, 190 kJmol™" is only
72% of the value for the mixture. This is because the bis dicat-
ion effectively tethers two NIPs together at a finite distance in
the gas phase, preventing them from moving to an infinite dis-
tance apart (and hence absorbing more energy) to form two
moles of NIPs (as for the mixture of 6 and 7). We would there-
fore predict that as the linkage in the dication gets longer, the
AyapHyes value should tend towards the sum of the A,,,Hys
values for the appropriate mixture of ILs. Hence A, H, for
[C,,(C,Im),][Tf,N], might be expected to be <278 kJmol™’
(=2XAapHa0s for [C,C,IMITH,N]IPY). Similar reasoning can be ap-
plied to dicationic ILs containing other cations, and to tri-,
tetra- and higher cationic species where the heat of vaporisa-
tion will have an upper limit, for long linkage chains, equal to
the sum of the A, H,s values for the equivalent mixture of
binary ILs.
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We have shown that the dicationic IL 1 can be vaporised
with an enthalpy of vaporisation of A, Has=190+15 kimol™
to give neutral ion triplets in the gas phase. These neutral ion
triplets can be ionised to form singly and doubly charged ions,
the latter requiring a particularly large energy to overcome the
ionic bond between [C;(C,Im),]*" and [Tf,N]".
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