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A differential mobility analyzer (DMA) is used in atmospheric pressure N2 to select a narrow
range of electrical mobilities from a complex mix of cluster ions of composition (CA)n(C

�)z.
The clusters are introduced into the N2 gas by electrospraying concentrated (	20 mM)
acetonitrile solutions of ionic liquids (molten salts) of composition CA (C� � cation, A– �
anion). Mass analysis of these mobility-selected ions reveals the occurrence of individual neutral
ion-pair evaporation events from the smallest singly charged clusters: (CA)nC

�¡(CA)n-1C
��CA.

Although bulk ionic liquids are effectively involatile at room temperature, up to six sequential
evaporation events are observed. Because this requires far more internal energy than available in
the original clusters, substantial heating (	10 eV) must take place in the ion guides leading to
the mass analyzer. The observed increase in IL evaporation rate with decreasing size is drastic,
in qualitative agreement with the exponential vapor pressure dependence predicted by
Kelvin’s formula. A single evaporation event is barely detectable at n � 13, while two or
more are prominent for n � 9. Magic number clusters (CA)4C

� with singularly low
volatilities are found in three of the four ionic liquids studied. Like their recently reported
liquid phase prenucleation cluster analogs, these magic number clusters could play a key
role as gas-phase nucleation seeds. All the singularly involatile clusters seen are cations,
which may help understand commonly observed sign effects in ion-induced nucleation.
No other charge-sign asymmetry is seen on cluster evaporation. (J Am Soc Mass
Spectrom 2010, 21, 1382–1386) © 2010 American Society for Mass Spectrometry

We have recently used a differential mobility
analyzer (DMA) [1–3] with a mass spectrom-
eter (MS) to examine ionic liquid clusters of

composition (CA)n(C
�)z [4]. The DMA is a narrow

band mobility filter which can be used to select
parent ions and monitor their transitions with a
second analyzer. Although our work with ionic liquid
clusters [4] did not actively excite ion fragmentation,
the mass spectra of DMA-selected ions showed a
diversity of product ions along with the parent ion,
clearly revealing individual neutral ion-pair evapora-
tion events of the form (CA)nC

�¡(CA)n-1C
��CA.

Metastable evaporation events from ionic clusters have
been previously observed for hot ions formed by high-
energy processes, in particular sputtering from CsI
surfaces [5, 6]. However, these are the first direct
observations of single molecule evaporation events
with ionic liquids, and therefore warrant the present
more detailed account.

Experimental

Ionic Liquid Cluster Production

The ionic liquids 1-ethyl-3-methyl-imidazolium� (EMI)-
tris(trifluoromethylsulfonyl) methide– (EMI-Methide),
EMI-bis(trifluoromethylsulfonyl)imide (EMI-Im), and
EMI-bis(perfluoroethylsulfonyl)imide (EMI-Beti), were
purchased from Covalent Associates (Washburn, MA,
USA). EMI-BF4 was from Fluka. Each was mixed with
acetonitrile at IL concentrations of 20 mM, and electros-
prayed (in both polarities) using a 50 �m i.d. silica
capillary as described previously [4].

Differential Mobility Analysis-Mass Spectrometry

DMA-MS operation is described elsewhere [3, 4], and a
schematic of the DMA-MS is shown in the Supplemen-
tary Information, which can be found in the electronic
version of this article. Briefly, IL clusters were drawn
electrostatically into a parallel plate DMA (model P4;
SEADM, Boecillo, Spain). The DMA was operated in
recirculating mode with dry N2 as the sheath gas. Dry
N2 was injected into the closed gas circuit to replace the
gas sampled into the mass spectrometer (0.4 L/min)
and provide a small counterflow gas (	0.2 L/min) that
exited the DMA through its sample inlet slit into the
source region. This ensured that no vapors or CO2 (used
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to maintain a stable electrospray) entered into the
DMA, which operated with dry N2. DMA voltages were
scanned in the 2000–5500 V range in increments of 5 V
to collect mobility spectra. The DMA voltage at which
an ion is transmitted is inversely proportional to its
electrical mobility Z, with a proportionality constant
fixed for a given experiment. The value of this constant
was determined by means of a calibration standard
yielding absolute mobilities. The DMA was coupled to
a QSTAR XL mass spectrometer (Applied Biosystems,
Framingham, MA, USA) as described in an earlier
report [4]. Declustering potentials in the mass spectrom-
eter inlet were set close to their minimum values of 1 V
(DP � FP � DP2 � 1 V; IRD � 6 V; IRW � 5 V).

Results and Discussion

Individual Ion-Pair Evaporation of Clusters

Figure 1 shows cluster abundance versus inverse elec-
trical mobility, 1/Z (horizontal variable), and n/z (num-
ber of neutral ion pairs over net charge on the vertical
axis) for positively charged cluster ions of EMI-
Methide. The n/z variable is convenient for cluster
identification and is calculated as:

n ⁄ z �
m ⁄ z � mC

mC � mA

, (1)

where mC and mA are the masses of the cation and the
anion, respectively (note n/z � (m/z–mA)/(mC�mA), for
negatively charged clusters). The measured pair (Z, n/z)
yields n and z. Multiply charged clusters (z � 1) are
abundant in Figure 1 because declustering potentials,
which promote the dissociation of multiply charged
clusters, were not employed during measurements [4].
Each peak (colored horizontal segment) is associated to
a cluster (CA)nC

�
z, with the prominent inclined bands

in the figure grouping clusters with the same z (see
figure labels) and varying n. All but one of these bands
includes a single peak in the mass spectrum for each
mobility. The exception is the z � 1 band, in which
multiple vertically displaced mass peaks with structure
(CA)nC

�, (CA)n-1C
�, (CA)n-2C

�, . . . , appear at exactly
the same mobility, like rungs in a ladder. Similar
mysterious columnar structures have been previously
observed with cluster ions from ammonium salts [7].
Using the mass-mobility relation for spherical nanopar-
ticles [8], we see that only the top rung in each of these
ladders has the correct mass for the given mobility. We
thus conclude that the anomalous lower rungs are
decay products from a single stable parent ion selected
by the DMA. This parent ion is heated somewhere
between the two analyzers, leading to one or several
neutral pair evaporation events before mass analysis:

(CA)nC
� ¡ (CA)n�1C

� � CA (2)

The evidence for heating downstream the DMA is
multiple. The parent ion is completely stable at room
temperature in the DMA. Otherwise the mobility peaks
would not be sharp. The drift velocity for these ions is
10–20 m/s, implying much larger residence times (700
�s for a 1 cm gap between electrodes) in the DMA than
in the MS. Furthermore, the typical heat of vaporization
in ionic liquids (1.5 eV) [9] is larger than the internal
energy available in a cluster with n 	 9. Multiple
evaporation events therefore require external heat not
available in a cold gas jet. At DV � 1, the only heating
source present is the RF field. Because there are no
ion-neutral collisions in the analyzing quadrupole, this
heating must take place in the ion guide Q0. Indepen-
dent control of the voltages in Q0 is possible but
experimentally nontrivial and was not pursued, so the
temperature at which the process is taking place is
unknown.
Although bulk evaporation of several ionic liquids

has been observed in distillation experiments [10, 11],
the ladders of Figure 1 provide the most direct available
evidence for the expected mechanism (2) for IL evapo-
ration. Prior indirect evidence has been obtained via
electron bombardment of neutral volatiles released
from heated bulk ILs [9]. Although the expected ioniza-
tion process is CA � e–¡2e–� (CA)�, the dominant ion
found in these studies was C�, with no trace of (CA)�.

Figure 1. A differential mobility analyzer-mass spectrometer
(DMA-MS) spectrum of positively charged EMI-methide clusters.
The charge state of each group of clusters is labeled on the plot, as
are the cluster formulae, i.e., (CAx)C

� (C � cation, A � anion), for
selected singly charged clusters. The arrows mark neutral evapo-
ration events taking place between the mobility and the mass
measurement.
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This is attributed to instability of (AC)�, which disso-
ciates as [9]:

CA � e� ¡ (CA)� � 2e� ¡ C� � A � 2e� (3)

Instability of the positively charged ion pair follow-
ing photoionization [12] and field ionization [13] of
the neutral vapor has also been reported. Hence, with
the exception of the detection of (CA)� at 	1% of the
abundance of C� for one of the four ILs studied by
Gross [13] [EMI-C(CN)3], the only observable ion was
not directly connected to ion-pair evaporation in previ-
ous studies. In electrospray DMA-MS, however, only
one reaction (eq 2) takes place, and all the ions involved
in each of its occurrences are observed.

Singularly Involatile Clusters

Figure 2 shows DMA-MS spectra for EMI-BF4, EMI-Im,
and EMI-Beti, respectively, all in positive polarity, and
all exhibiting evaporation of ion-pairs. Similar results
are obtained with negatively charged clusters. The
number of discrete (CA)nC

� ¡ (CA)n-1C
��CA events

that occur between the DMA-MS increases drastically
with decreasing cluster size. Ion-pair evaporation is
barely detectable for EMI-Methide clusters with n �13,
but multiple evaporation events occur for clusters with
n � 9. Most striking in Figure 2a–c is the singularly low
volatility of all positively charged n � 4 clusters.
Conversely, abnormally high volatility is seen for dou-
bly charged EMI-Methide clusters with n � 16 and 19,
which decay by loss of a single ion pair. No unusually
volatile or involatile clusters were apparent in negative
mode. Unlike cluster abundance measured by MS alone
[14], here the measured abundance of each cluster is
directly related to the cluster’s evaporation rate relative
to its neighbors.

Nucleation Implications

The existence of stable clusters substantially larger than
the monomer vapor molecule provides an energy sav-
ing bridge in nucleation problems. This point has been
recently highlighted for liquid phase nucleation of
CaCO3 via prenucleation clusters apparently with n 	
70 [15]. Such stable clusters have been more clearly
observed with n � 12–13 in concentrated aqueous
solutions of sucrose [16]. Evidently, the common char-
acteristic between such stable liquid phase prenucle-
ation clusters and gas-phase magic number clusters
(which are not stable at the vanishing monomer con-
centration investigated here) is their singular stability
against dissolution or evaporation, enabling them to
exist as permanent entities at monomer concentrations
at which larger or smaller clusters (except the mono-
mer) are unstable. High magic number cluster abun-
dances have been recently linked also with homoge-
neous nucleation [17].

Neutral Evaporation Kinetics

Measured cluster signal intensities were used to obtain
normalized neutral pair evaporation rate constants, kn,
[equation (4a)] as functions of the number of ion-pairs per
cluster. The inversion routine used to determine the kn is
described in the Supplementary Information. The resi-
dence time and the cluster temperature in the RF heating
zone are unknown but were provisionally taken to be
comparable for all clusters; thus, all inferred kn values
were normalized such that k11 for EMI-Beti clusters was
1.00. Figure 3 shows the inferred kn values for all ILs
examined as a function of n, the number of ion-pairs in the
evaporating cluster. Ion-induced nucleation is dependent
on ion polarity [18]; thus, it is important to establish if this
peculiarity stems from the condensation or the evapora-
tion rate. This comparison is limited to only two of the ILs
(open symbols, positively charged clusters; closed sym-

Figure 2. DMA-MS spectrum for�1 charged clusters of the ionic
liquids, (a) EMI-BF4, (b) EMI-Im, and (c) EMI-Beti. For all ILs,
clusters with n/z � 4/1 are anomalously abundant.
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bols, negative charged clusters in Figure 3) due to the
poorer quality of negative spectra [4]. Within these limi-
tations, Figure 3 shows no obvious volatility sign prefer-
ence. However, all magic number clusters found are
cations, and this sign asymmetry could have a drastic
effect on ion induced nucleation.
A comparison between inferred evaporation rates

and the evaporation rates expected based on the
Kelvin equation [19] is given in the Supplementary
Information. Briefly, inferred rates are in qualitative
agreement with these predictions, in that the evapo-
ration rate increases drastically with decreasing clus-
ter size. However, more detailed studies of cluster
dynamics in the inlet of a mass spectrometer, with
accurate modeling of rf heating, need to be performed
for rigorous comparison between the Kelvin equation
and our measurements.

Conclusions

The DMA provides a useful tool to isolate mobility-
selected ions as produced by an electrospray source.
With it, we detect previously unobserved transitions,
probably taking place in the inlet region of many
other mass spectrometers with atmospheric pressure
sources.
RF Heating in the ion guide region of the mass spec-

trometer used is substantial. It imparts 	10 eV to small
nanodrops, and leads to single and multiple neutral

evaporation events even for highly involatile ionic mate-
rials, captured for the first time here for ionic liquids.
We observe singularly abundant magic number clus-

ters of structure (CA)4C
� for 3 of the four ILs investi-

gated. No negatively charged magic number cluster
analog was found.
These magic number clusters have anomalously

small volatilities, may play a role in nucleation phenom-
ena, and provide a new potential mechanism to explain
observed charge asymmetry in ion induced nucleation.
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Appendix A
Supplementary Material

Supplementary material associated with this article
may be found in the online version at doi:10.1016/
j.jasms.2010.03.044.

Figure 3. Normalized evaporation rate constants as functions of the number of ion-pairs in each IL.
Open symbols � positively charged clusters. Closed symbols � negatively charged clusters.
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