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We report a study of the generation and characterization of multiply charged, sodium bis(2-ethylhexyl)
sulfosuccinate (NaAOT) aggregates in the gas phase, using electrospray ionization (ESI) guided-ion beam
tandem mass spectrometry. It was found that distributions of gas-phase NaAOT aggregate size and charge
are related to the surfactant states in electrosprayed solutions. ESI mass spectra of NaAOT/water/hexane
reverse micellar solutions show the compositions of [(NaAOT),Na,|**, with the aggregation number (n)
and charge (z) increase with increasing water content in solution. In contrast, gas-phase aggregates
from NaAOT monomers in solution have smaller aggregation numbers and lower charges. Gas-phase
NaAOT aggregates of n> 13 could encapsulate one glycine molecule, and those of n> 16 could encapsu-
late two glycine molecules. Up to five glycine molecules could be accommodated in single aggregates of
n > 24. Regardless of glycine encapsulation, no water molecules were detected within gas-phase NaAOT
aggregates. Collision-induced dissociation (CID) was studied for mass-selected NaAOT aggregates with
Xe, including measurements of product ion masses and CID cross-sections for both empty and glycine-
encapsulating aggregates over the center-of-mass collision energy range of 0.1-8.0 eV. CID results provide
a detailed probe of aggregate structures as well as the interactions between surfactants and the encap-
sulated glycine molecules. Specifically, the dependence of glycine encapsulation on aggregate size is
observed in CID product ion mass spectra, too. The present study demonstrates that NaAOT surfactants are
able to form reverse micelles in the gas phase, and gas-phase reverse micelles can act as nanometer-sized
vehicles for transport of non-volatile biomolecules.
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1. Introduction

Reverse micelles formed by surfactants are among the most
interesting nanometric structures. They can be schematically rep-
resented as globular aggregates, with the surfactant hydrophilic
polar heads oriented around an internal core and the hydropho-
bic chains forming the outer surface. Reverse micelles can be
used for selective solubilization and reactions which exploit
their nanometer size, unique combination of micro-environments,
and membrane mimetic properties [1-5]. Traditionally, reverse
micelles are generated in apolar solvents [2] or supercritical fluids
[4]. However, reverse micelles also exist in marine aerosols [6] and
upper tropospheric aerosols [ 7], in which organic materials (such as
phospholipids and fatty acids) form a spherical monolayer enclos-
ing an aqueous interior [7-10]. These reverse micelle aerosols act
as vehicles for atmospheric transport, affect radiative transfer and
the earth’s climate [8,11], and may have provided an environment
conducive for prebiotic chemical reactions [12,13].
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An interesting question is whether the reverse micellar struc-
ture could survive in vacuo. Gas-phase aggregates of various
surfactants [14-26] have been observed utilizing electrospray ion-
ization (ESI)[27,28] mass spectrometry. Most of these experiments
used surfactants which only tend to form direct micelles, i.e., the
surfactants are oriented so that the alkyl chains constitute the core
and the polar heads form the shell. To the best of our knowledge,
there are only a few studies concerning spatially ordered surfactant
assemblies which may be characterized by a reverse micellar struc-
ture, and here we summarize the relevant work. Sharon et al. [22]
obtained ESI mass spectra of multiply charged cetyltrimethylam-
monium bromide (CTAB) aggregates from CTAB reverse micellar
solutions, and found no exchange of bromide ions from the surfac-
tant headgroups with acetate ions present in the bulk solvent. They
concluded that the orientation of surfactants in reverse micelles
could be preserved in vacuo, and for reverse micelles encapsulating
proteins, the interactions between surfactants and the encapsu-
lated protein remain during the phase transition. Thereafter, Wang
et al. [29] presented molecular dynamics simulations of the same
system in vacuo. They found that the reverse micelles remained
stable throughout the simulation with the polar headgroups fac-
ing inward and the apolar tails facing the vacuum. They also found
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Fig. 1. Skeletal formula of bis(2-ethylhexyl) sulfosuccinate anion (AOT).

that direct CTAB micelles invert into reverse micelles when they
are dehydrated in a vacuum. Another surfactant molecule well
suited to form stable reverse micelles in apolar solvents is sodium
bis(2-ethylhexyl) sulfosuccinate (NaAOT), which has two branched
alkyl chains as shown in Fig. 1. Bongiorno et al. [21] reported
self-assembling of NaAOT in the gas phase using ESI and matrix-
assisted laser desorption/ionization (MALDI) mass spectrometry.
They used solutions below the critical micelle concentration (CMC)
of NaAOT and observed singly charged aggregates. Noticing that
similar mass spectra were obtained independent of the ioniza-
tion method and solvent used, and that the NaAOT aggregation
number was close to that in apolar media, they proposed that self-
assembling of surfactants occurs during the evaporation step and
that aggregates consist of a reverse micelle-like structure. More
recently, Giorgi et al. [24,25] reported gas-phase NaAOT assem-
blies with counter ions, Na*, partially or completely replaced by
various alkaline metal ions, as well as aggregates carrying alkali
salt.

In these experiments, formation of gas-phase aggregates, either
by electrospray of a reverse micellar solution or via self-assembling
of gas-phase surfactants, is associated with the solvent evaporation.
Elimination of an apolar solvent weakens the driving force towards
reverse micelle formation, but the electrostatic force between polar
heads and their counter ions still exists. Molecular dynamics simu-
lations demonstrate that the overall structure of the reverse micelle
in the vacuum is similar to that in an apolar solvent, but the sur-
factant tails collapse on the outer surface to form a more compact
structure [30,31]. Taken together, these results indicate that it is
possible to generate reverse micelles in the gas phase with the capa-
bility of incorporating guest molecules. Unlike their counterparts in
solution, gas-phase reverse micelles would not have inter-micelle
exchange of solutes. Therefore, they can provide isolated, “stable”
molecular reactors to probe the chemistry of single molecules con-
fined in the micellar core or bound to the micellar interface, and
allow us to take measurements which have to be performed in a
vacuum (such as mass spectrometry and single-particle imaging
[32]). It is worth noting that encapsulation of biomolecules into
gas-phase micelles may protect non-covalent interactions between
biomolecular subunits in the vacuum, enabling direct determina-
tion of the subunit stoichiometry and ligand-binding properties
[23].

In the above cited NaAOT studies, the mass spectra were
dominated by singly charged species, and no multiply charged
aggregates were detected with any significant abundance. In this

paper, we report a guided-ion beam tandem mass spectrome-
try study of gas-phase NaAOT aggregates. We show that multiply
charged, large NaAOT reverse micelles can be generated in a vac-
uum, and amino acids can be encapsulated in the interior of
gas-phase reverse micelles. This result demonstrates the appli-
cation of NaAOT reverse micelles as nanometer-sized carriers of
biomolecules in the gas phase. Furthermore, collision-induced dis-
sociation (CID) of mass-selected reverse micelles with Xe was
measured over a wide range of collision energies (E. ), allowing us
to obtain insights into gas-phase reverse micellar structures and to
evaluate the role played by the extra counter ions and encapsulated
amino acids.

2. Experimental details

The guided-ion beam tandem mass spectrometer used in this
study has been described in detail previously [33], along with the
operation, calibration and data analysis procedures. Only a brief
description is given here, emphasizing the unique features of this
experiment. The apparatus consists of an ion source, a radio fre-
quency (rf) hexapole ion guide [34], a quadrupole mass filter, a
rf octopole ion guide surrounded by a scattering cell, a second
quadrupole mass filter and a detector. Both quadrupole mass fil-
ters use Extrel 9.5 mm diameter tri-filter rods operating at 880 kHz
(Extrel model 150 QC) to cover the mass/charge range from 1
to 4000. For conventional mass spectral measurements, the first
quadrupole mass filter was operated in the rf-only mode as an ion
guide, and mass scans were performed by the second quadrupole
mass filter.

NaAOT reverse micelles were prepared in anhydrous hex-
ane (Sigma-Aldrich, 95%) containing 2.0 x 10~3, 5.0 x 10~3 and
10 x 10-3 M NaAOT (CyoH37Na05S, molecular weight 444, Fluka,
>99.0%, stored in a desiccator and used without additional purifi-
cation), respectively. These concentrations are above the CMC of
NaAOT in hexane (1.1 x 10~3 M) [35]. To verify the influence of
pre-formed micelles in solution on gas-phase aggregates, another
NaAOT solution was prepared at a concentration of 0.5 x 103 M,
below the CMC. Water was added to the solution to achieve differ-
ent water-to-AOT molar ratios wg, and the solution was sonicated
for 10 min to create a transparent reverse micellar solution. The
conductivity of the solution was measured using a YSI model
34 conductance meter. The micellar solution was sprayed into
the ambient atmosphere through an electrospray needle using a
syringe pump (KD Scientific model 100), at a constant flow rate of
0.04 ml/h. The electrospray needle was prepared from 35 gauge
hypodermic stainless steel tubing (0.13 mm o.d. x 0.06 mm i.d.,
Small Parts Inc.), and biased at 3000V relative to ground. Positively
charged droplets formed from the electrospray needle were fed
into a heated desolvation capillary. Initial radii of spray droplets
are estimated to be ~0.6 wm [36-38]. Assuming solvent evaporates
uniformly from the droplet surface, the time for hexane evapora-
tion is estimated at less than 0.5 ms [39]. The distance between
the electrospray needle tip and the sampling orifice of the capillary
was ~1 cm. The capillary was biased at 70 V relative to ground and
heated to 150 °C. Charged liquid droplets underwent desolvation as
they passed through the heated capillary, converting to gas-phase
ions. A skimmer with an orifice of 1.5 mm (Beam Dynamics, Inc.)
was located 5 mm from the capillary end, separating the ion source
chamber and the hexapole ion guide. The skimmer was biased at
10V relative to ground, and the electrical field between the cap-
illary and the skimmer removed remaining solvent molecules by
collision-induced desolvation [40], and prevented large solvent
clusters from depositing downstream [41,42]. lons that emerged
from the skimmer were passed into a rf hexapole ion guide at a
pressure of 10 mTorr, leading to collisional focusing [43-45]. lons
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subsequently passed into a set of entrance focusing lenses fol-
lowed by a quadrupole mass filter. Mass-selected ions were then
injected into a rf octopole ion guide which trapped ions in the radial
direction. The octopole ion guide operated at 2.6 MHz with a peak-
to-peak amplitude of 700 V. DC bias voltage was applied to the ion
guide, and its amplitude was varied from —500 to +500V. The dc
bias voltage was used in the retarding potential analysis (RPA) [46]
to determine the initial kinetic energy of selected ions, i.e., intensi-
ties of ions were measured while sweeping the octopole bias. The
dc bias voltage also allowed control of the kinetic energy of ions in
the laboratory frame. lon kinetic energies in the lab frame (E,,)
are converted to collision energies in the center-of-mass frame
(Eco1) using Ecop = Ejap X Mneutral/(Mion * Mpeutral ) Where Mpeyera and
Mo, are masses of neutral collision gas and ions, respectively. The
octopole passed through a scattering cell containing the collision
gas Xe (Spectral Gases, 99.995%) at ~0.01 mTorr. The scattering
cell pressure was measured by a capacitance manometer (MKS
Baratron 690 head and 670 signal conditioner). Precursor ions
and their fragment ions were collected by the octopole ion guide,
and directed to the second mass spectrometer for mass analysis.
Ion signals were counted using a pulse-counting electron multi-
plier.

One issue for CID of reverse micellar ions concerns their size.
Assuming gas-phase reverse micelles are spherical, a micelle made
of 20 NaAOT molecules has a radius of ~19 A. The collision cross-
section of this micelle with Xe is estimated to be 1300 A2. To keep
multiple collision effects to an insignificant level, the pressure of
Xe in the scattering cell was maintained at 0.01-0.013 mTorr dur-
ing CID cross-section measurements. In this range of pressure, the
probability of a single collision between a micellar ion and Xe is
~15%, and of double collisions is <4%. The majority of micellar ions
(> 81%) passed through the scattering cell without interacting with
Xe at all. We note that in previously reported CID experiments of
both direct [14,22,23] and reverse [21,22,24,25] micellar ions, Ar or
He was used as a collision gas and the collision gas pressure was
increased to a relatively high value to achieve high dissociation
yields. Under such conditions, multiple collisions were prevailing,
and primary fragment ions underwent further dissociation. As a
consequence, the dissociation product ion mass spectra were dom-
inated by small fragment ions, and the “stated” collision energies
(often indicated in the lab frame) did not reflect the energy depen-
dence of dissociation.

CID of multiply charged ions results in numerous dissociation
channels and product ions of varying mass and charge. It is difficult
to measure cross-sections for individual channels. First, because
of the low Xe pressure, intensities of product ions were too low
to achieve a good signal-to-noise ratio. Secondly, because CID of
multiply charged precursor ions accompanies charge separation
[37,47,48], some product ions possess mass/charge that is beyond
the mass spectrometer detection limit (i.e., 4000). Finally, for the
given octopole rf frequency (f) and amplitude (V,¢), only ions with
radial velocities up to well-defined cutoff values can be confined
by the octopole [34]. At high E,, light product ions may have high
radial velocities. In order for these ions to have stable trajecto-
ries, the rf frequency should be large enough that the field changes
polarity frequently on the time scale of the ions’ radial motion in the
octopole. On the other hand, the magnitude of the effective poten-
tial (Uqfr) confining the ions’ radial motion is proportional to V,¢/mf2.
High frequency dictates high V,¢, however, there are V¢ limits set by
arcing, and high Vs also tends to exacerbate the breakdown of adia-
baticity [34]. For the mass ratios in this system, it is difficult to avoid
loss of some product ions at high E.,. For these reasons, we did
not report cross-sections for individual channels. Total CID cross-
section at each E., was measured based on the loss of precursor
ions, the target gas pressure, and the calibrated effective length of
the scattering cell [33]. To allow subtraction of background from the

detector, and from dissociation occurring in the ion guide portions
outside the scattering cell, precursor ions were measured with the
Xe gas directed into the scattering cell (“cell-on”) and with the same
flow directed into the vacuum chamber (“cell-off”). Since these two
conditions only differ in the gas density in the scattering cell, the
difference in “cell-off” and “cell-on” provides an accurate count of
CID inside the cell.

Because the ion intensities measured were low, it is important
to minimize systematic variation in experimental conditions that
might be caused by drifting potentials, change in ion beam inten-
sities, etc. In experiments, we cycled through different E., several
times. RPA measurements of precursor ions were performed before
and after each experiment to check the initial kinetic energy of
the primary ion beam. The entire experiment was repeated sev-
eral times to check the reproducibility. Based on the reproducibility
of the measurements, we estimated that the relative error of CID
cross-sections (e.g., uncertainty in comparing data for different E.,;)
is ~20%.

3. Results

3.1. Mass spectra of NaAOT/water/hexane reverse micellar
solutions

Mass spectra obtained by ESI of NaAOT (5.0 x 10-3M)/
water/hexane reverse micellar solutions with varying values of wg
are depicted in Fig. 2. It was found that, within the instrument
detection range (mass/charge=1-4000), gas-phase aggregates
have the composition of [(NaAOT),Na;[**. Each aggregate hosts
extra Na* ions (in addition to AOT counter ions), which account
for its overall charge. Assignments of mass peaks are based on
their aggregation numbers (n) and charges (z), and the labels for
the same charge states are grouped together. For convenience, in
the following discussion the aggregates are indicated as n/z. The
most intense mass peaks in Fig. 2a and b have been attributed to
the singly charged species, of which 5/1 and 6/1 are the strongest,
and the relative abundance of aggregates decreases with increas-
ing aggregate size and charge. A series attributed to singly charged
[(NaAOT),H]* have been identified in Fig. 2a and b, of which one
Na* is substituted for a proton. But the intensities of [(NaAOT),H]*
are much lower compared to corresponding [(NaAOT),Na]*.

As demonstrated in Fig. 2a and b, the distributions of gas-
phase NaAOT aggregate size, and therefore charge, are strongly
dependent on the values of wg, and heavier aggregates form upon
increasing wg. At wg=0-5 (mass spectrum for wg=5 not shown,
but similar to wg=0), the maximum aggregation number (1nmax)
and charge (zmax ) are 26 and 3, respectively. The values of npax and
Zmax increase to 35 and 4 at wg=6.5 (not shown), and to 44 and
5 at wg=10. The actual values of nmax could be larger, since the
maximum size at each wq is approaching the detection limit of the
mass filter. There is a minimal aggregation number (n,;,) for each
charge state 2, 4, 8, 14 and 20 for z=1, 2, 3, 4 and 5 respectively.
Increasing wg from 10 to 20 does not change the size and charge
distribution of gas-phase aggregates. But the abundance of multiply
charged species relative to that of singly charged species increases
markedly as wq is progressively increased. When wg exceeds 20,
the mass spectra become congested and poorly resolved. The mass
spectrum of wg =30 is shown in Fig. 2c, with a progressively grow-
ing background signal starting at mass/charge = 1500. A reasonable
explanation for the broadened and diffused spectrum at wg =30 is
that the abundance of large, multiply charged micelles increases at
high wg, and higher charge states are more susceptible to in-source
dissociation with residual gas because they have higher collision
energies than low charge states at the same acceleration voltage
[49]. Another possible contribution to the complexity of mass spec-
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Fig. 2. ESI mass spectra of NaAOT (5.0 x 10~3 M)/water/hexane reverse micellar solutions with different water-to-AOT ratios wy. (a) wo =0, (b) we =10 and (c) wo =30.

tra at extremely high water loading could be attributed to residual
water molecules within reverse micelles. Because gas-phase aggre-
gates underwent collisions with air and solvent molecules, portions
of small aggregates observed in Fig. 2a-c could be yielded from
dissociation of large aggregates by sequential losses of AOT and
Na*.

We also varied the NaAOT concentration in hexane while keep-
ing the value of wg at 10. For solutions containing 2.0 x 103,
5.0 x 1073 and 10 x 10-3 M NaAOT (all above the CMC), we found
no difference in the distributions of aggregate size and charge, with
Nmax =44 and zmax = 5 for these solutions. In other words, above the
CMC with fixed water content, the NaAOT concentration does not
affect gas-phase aggregates. However, for a solution of 0.5 x 10—3
NaAOT (below the CMC), nmax and zmax decrease to 26 and 3, respec-
tively.

The dependence of observed npax on NaAOT concentration and
wq for gas-phase aggregates is analogous to that for the micellar
solution. Above the CMC, the reverse micelle size is determined
by the water content. Dry NaAOT reverse micelles in apolar sol-
vents have an average aggregation number around 20 [31,50,51].
Aggregation numbers of wet reverse micelles could be estimated
using n=4mrcore?/Apead and reore =1.7 wo(A) [52], where reore is
the radius of the micellar core and Aje,q is the area occupied by

each AOT polar head at the interface (0.52nm?) [1,53,54]. Typi-
cal values of n in solution are estimated to be 18, 32 and 70 for
wp =5, 6.5 and 10, respectively. The values of observed gas-phase
Nmax, except for wg=10, are comparable to the corresponding n
in solution. We could not rule out the possibility of missing large
gas-phase aggregates at mass/charge >4000, since theoretical sim-
ulations suggest that gas-phase micelles could have more compact
structures compared to those in solution [30]. However, the large
aggregates would be less likely in high abundance judging from the
ion intensity profiles observed in these mass spectra. In summary,
the correlation between the size of gas-phase aggregates and wqg
of starting solution - a key property of reverse micelles in solution,
implies that gas-phase aggregates retain a memory of starting solu-
tion. This is consistent with the fact that under certain conditions
ESI can preserve non-covalentinteractions in large macromolecular
complexes [16,18,20].

3.2. Mass spectra of NaAOT monomers in methanol/water (1:1)
To further investigate the effects of solution conditions on

the size and charge distribution of gas-phase aggregates, we car-
ried out a control experiment under the same conditions except
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Fig. 3. ESI mass spectrum of a reverse micellar solution containing 5.0 x 10-3 M NaAOT, 5.0 x 102 M H;0 (wo =10) and 1.0 x 10-3 M glycine in hexane.

that we used a methanol/water (1:1 volume ratio) solution of
1.0 x 10-3 M NaAOT (below the CMC in water, 2.0 x 10~3 M [35]).
In this case, only aggregates of n=2-26 and z=1-3 were observed,
which s similar to the spectrum obtained from a dry NaAOT/hexane
micellar solution (i.e., wg=0) or a NaAOT (0.5 x 10-3 M)/water
(wp =10)/hexane solution. In addition, the distribution of size and
charge is independent of NaAOT concentration in methanol/water,
in the range of 0.7 x 10~3-5.0 x 103 M which was chosen to
bracket the CMC.

Our ESI mass spectra of NaAOT in methanol/water are somewhat
different than those reported by Bongiorno et al. and Giorgi et al.
[21,24,25]. Although the NaAOT solution was prepared in a similar
manner, their ESI mass spectra are dominated by [(NaAOT),Na]*,
and doubly and triply charged species are of negligible abundance.
Discrepancy is also noted in the shape of ion abundance profiles.
In our mass spectra aggregates 5/1 and 6/1 exhibit the highest
abundance, while in their mass spectra the trimeric species 3/1
is the base peak. These discrepancies are most likely related to
the differences in the ESI conditions and instrumentation. In their
experiments, ESI was operated at a flow rate of 0.12-4.2 ml/h with
a nitrogen sheath gas. The capillary was heated to 230°C, and
mass spectra were measured on an ion-trap mass spectrometer.
Our ESI source was operated at a lower flow rate (0.04 ml/h) and
with no sheath gas. We maintained the capillary temperature at
150°C, and collected spectra on a quadrupole mass spectrometer.
Some of these different operating conditions may exert counter-
acting effects on size and charge distributions. For example, the
sheath gas and high capillary temperature increased the evapo-
ration rate and reduced the time available for desorption of ions
during stages of low droplet charge density, which may lead to
low intensities of lower charge states [49]. On the other hand, a
high flow rate in ESI increased the evaporation time and favored
lower charge states. We also found that multiply charged aggre-
gates are sensitive to the potential between the capillary and the
skimmer, because they gain higher translational energies than the
lower charge states in the same electrical field. In our experiment,
the skimmer was biased at 10V. Aggregates of z> 3 achieved the
highest intensity at capillary voltage of 70V, but completely dis-
appeared when the capillary voltage increased to more than 110V.
Therefore, the absence of high charge states in previous reports may
be due to the significant in-source CID. This comparison implies that
ESI and instrumental conditions are another important controlling
factor for the distribution of gas-phase aggregates. For this reason,
all data in this paper were collected under the same experimental
conditions unless otherwise stated, so that we can focus on effects
of solution conditions.

3.3. Mass spectrum of NaAOT reverse micelles encapsulating
glycine

In this experiment, we prepared NaAOT reverse micelles
in hexane with wg=10, into which glycine (Gly) was added
([INaAOT]=5.0 x 10-3 M and [Gly] =1.0 x 10~3 M). Reverse micelles
were then electrosprayed to the gas phase, followed by mass
analysis. We chose a simple amino acid in order to facilitate the
identification of key factors in gas-phase reverse micelle encapsu-
lation.

The mass spectrum of Gly-encapsulating NaAOT reverse
micelles is shown in Fig. 3. In the mass/charge range below 2000,
mass spectrum of reverse micelles with Gly incorporated is indis-
tinguishable from that of empty reverse micelles shown in Fig. 2b,
implying that at this mass/charge range, gas-phase aggregates are
unoccupied. Occupied NaAOT aggregates are observed with com-
positions of [(NaAOT),Na;Glyn, ]** in the mass/charge range above
2000. These species become prevailing at mass/charge above 3000.
In the figure, we indicate these species in blue shaded areas, and
label them as (n+mG)/z. We note that, although Na* and/or H* can
be attached to Gly molecule [55,56], no monomers and clusters of
sodiated or protonated Gly have been detected, indicating that all
Gly molecules are confined within NaAOT aggregates.

There is a strong correlation between the encapsulation capabil-
ity and the size of gas-phase NaAOT aggregates. No encapsulation
was detected for aggregates with an aggregation number less than
13. Aggregates of n > 13 can entrap one Gly molecule, while those
of n>16 can entrap two. Up to three Gly molecules can be accom-
modated in single aggregates of n > 17, four Gly molecules in those
of n>21, and five in those of n > 24. Assuming a spherical reverse
micelle-like geometry for NaAOT aggregates, its core diameter D is
roughly equal to \/n x Apead/7 Where Apeaq is the area of the AOT
polar head as defined above. D is calculated to be 1.4, 1.6, 1.7, 1.9
and 2.1 nm for n=13, 16, 17, 21 and 25, respectively. The size of
a Gly molecule is 0.6-0.7 nm. Therefore, the maximum number of
encapsulated Gly molecules roughly matches the micellar core size.
Among Gly-encapsulating aggregates, (17 +G)/2 displays the high-
est abundance, indicating a particularly stable geometric structure
for this assembly.

There is a weak charge dependence of Gly encapsulation. For
example, for occupied aggregates of the same size, doubly charged
species have a higher abundance than triply charged ones (e.g.,
(15+G)/2 vs. (15+G)/3 and (17 +G)/2 vs. (17+G)/3), and doubly
charged species can entrap more Gly molecules (e.g., (16 +G)/2 vs.
(16+G)/3). We also note that upon encapsulation of Gly the inten-
sities of highly charged micelles (i.e., z>3) dramatically decreases,
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implying that Gly and Na* compete for surfactants, and AOT may
have a higher affinity for Gly than for Na*.

These observations deviate from expectations if random asso-
ciations are assumed between surfactants and Gly molecules. We
also performed ESI experiments with arginine, aspartic acid, his-
tidine, proline, tryptophan or tyrosine incorporated into NaAOT
reverse micelles, and found a similar dependence of encapsulation
on micelle size. (The analyses of these amino acid-encapsulating
NaAOT reverse micelles will be reported in a separate paper).
These findings strongly support a reverse micelle-like structure
for gas-phase NaAOT aggregates containing biomolecules in their
interior. To emphasize the fact that we are dealing with spatially
ordered reverse micelle-like NaAOT aggregates, we will refer to
these aggregates as gas-phase reverse micelles (or micellar ions)
in the remainder of the discussion.

3.4. CID of gas-phase NaAOT reverse micelles

3.4.1. Empty reverse micelles

One issue in interpreting CID of NaAOT reverse micellar ions is
that there are mass coincidences among different charge states.
Intensities of peaks corresponding to singly charged micellar
ions include the shares of all multiply charged ions at the same

#17
8 2
6 z 1
1
; b |
*|15
2
5] 7 8
1 1 1
I | ]
*[13
6 2
1 7
5 o =
5 1 8
1 | 1
*(20
i 714
1 1 8@ | 1)
2 2 "y 2 4
*19
3
13
2 1 8
A A
7 8
1 1
A .
]
1 z
A 1
1] 1 1 ] I 1 1] ] ] | 1} 1 ] ] | 1 1 1 1
2000 2500 3000 3500 4000
m/z

Fig.4. CID mass spectra of mass-selected NaAOT reverse micellar ions. Spectra were
measured at E.,; = 1.0 eV for doubly charged ions and E., = 1.5 eV for triply charged
ions, with a 0.15 mTorr Xe in the scattering cell. lons are labeled as 2 Asterisks
indicate precursor ions, and the labels in parentheses are alternative assignments
for product ions.

mass/charge positions. For example, mass/charge of 2687 repre-
sents at least four overlapping charge states, 6/1, 12/2, 18/3 and
24/4. For this reason, we chose, in ascending order of micelle size
and charge, 13/2,15/2,17/2,16/3,17/3, 19/3 and 20/3 as precursor
ions. Selection of these ions circumvents the complication of mass
coincidence with other charge states, and simplifies the interpreta-
tion of product ion spectra. Consequently, the dissociation behavior
of each micellar ion is clearly revealed. Fig. 4 shows the product ion
mass spectra from CID of mass-selected micellar ions. To map out
all dissociation product ions within the instrument mass/charge
detection limit, data in Figs. 4 and 6 were obtained at a relatively
high Xe pressure (0.15 mTorr) in the scattering cell. Because of mul-
tiple collisions between precursor ions and Xe at a high gas pressure
(and primary fragment ions may continue to undergo collisions that
cause them to fragment as well), the relative intensities of product
ions in Fig. 4 do not reflect the branching ratio. However, all prod-
uct ions in Fig. 4 were observed under single-collision conditions
as well.

Table 1 summarizes dissociation channels for individual pre-
cursor ions. Unless otherwise stated, both complementary product
ions, produced from a dissociation leading to two charged products,
were observed in mass spectra and are included in the Table. Bon-
giorno etal.[21] and Giorgi etal.[24] reported CID of singly charged
[(NaAOT);Na]* precursor ions, in which losses of neutral NaAOT
units are the preferred fragmentation paths. For multiply charged
micellar ions, dissociation of reverse micelles strongly depends on
their charge states. For doubly charged micellar ions, CID exclu-
sively produces singly charged products. It is interesting to note
that the major CID channels for doubly charged micellar ions cor-
respond to divisions of precursor ions into two nearly equally-sized
products, e.g., 15/2 — 8/1+7/1. CID of triply charged micellar ions
becomes more complex, and products include both singly and dou-

Table 1
CID products of gas-phase NaAOT reverse micellar ions.
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? The precursor and product ions are indicated as 2 where n is the aggregation
number and z is the charge.

b %, ‘Tc’and% are beyond the mass/charge detection limit of the mass spectrom-
eter.
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Fig. 5. CID cross-sections of mass-selected NaAOT reverse micellar ions (labeled as 2 ), measured under single-collision conditions.

bly charged ions, as well as small amounts of triply charged ions.
Because of overlapping of singly, doubly and triply charged ions,
some peaks may actually be attributed to more than one product
ion mass. We indicate alternative assignments using parentheses
for some product ions in Fig. 4. It is also possible to produce three
singly charged products from CID of triply charged precursor ions;
however, these channels cannot be assigned unambiguously and
thus are not included in the table.

We report total CID cross-sections (o¢jp) for precursor ions in
Fig. 5, in the E., range of 0.1-6.0eV for doubly charged ions and
0.1-8.0eV for triply charged ions. All collision energies are given in
the center-of-mass frame. The main points of cross-section mea-

surements are as follows: (1) o¢cp shows threshold-like behavior
at low E, and increases as E rises. (2) o¢yp strongly depends on
reverse micelle size. At E.,; = 6.0 eV, o¢ip increases from ~600 A2 for
13/2 to ~950 A2 for 17/3 and ~1150 A2 for 20/3.(3) o ¢cp is enhanced
by the micelle charge. For example, 17/3 has larger o¢p than 17/2
at all collision energies. (4) We compared ocp of large micellar
ions with their hard-sphere collision cross-sections (ohard-sphere)
with Xe. At our highest E.,, ocp for 17/3, 19/3, and 20/3 are
1000-1200 A2, Assuming spherical geometries for reverse micellar
ions, their hard-sphere collision cross-sections are 1200-1300 A2,
ocip is approaching the collision limit at our highest E.,. There-
fore, at sufficiently high energies, we expect that nearly every
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hard-sphere collision leads to dissociation, and o¢cjp becomes inde-
pendent of E., [57]. For micellar ions of n <17, maximum o¢p are
smaller than their op,d-sphere- However, it is possible that they have
not reached the plateau in close proximity to opard-sphere at our
highest E,,. In any case, o¢yp provides a measure of the lowest limit
of the average micelle size.

3.4.2. Gly-encapsulating reverse micellar ions

It is interesting to compare CID of empty and Gly-encapsulating
reverse micellar ions, because CID of occupied reverse micelles
may involve a competition between stripping surfactants and
expelling confined amino acids. Such competition should be driven
by the precursor ion structure, and by the stability of neutral
and charged products formed. To enable a direct comparison, CID
of Gly-encapsulating reverse micellar ions were performed using
similar aggregation numbers and charges as those employed for
empty micellar ions, i.e., (13 +G)/2, (15+G)/2, (17 +G)/2, (16 +G)/3,
(17+G)/3,(19+G)/3 and (20 +G)/3.

Fig. 6 shows mass spectra of CID product ions for mass-selected
reverse micellar ions incorporating Gly, and Table 2 summarizes
their dissociation channels. Occupied reverse micellar ions have
distinct dissociation channels from the corresponding empty ones.
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Fig.6. CID mass spectra of mass-selected NaAOT reverse micellarions encapsulating
Gly. Spectra were measured at E.,; = 1.0 eV for doubly charged ions and E., =1.5eV
for triply charged ions, with a 0.15 mTorr Xe in the scattering cell. ons are labeled
as % and 2. Asterisks indicate precursor ions, and the labels in parentheses are
alternative assignments for product ions.

Table 2
CID products of gas-phase NaAOT reverse micellar ions encapsulating Gly.

Precursor ions? Dissociation Precursor ions?® Dissociation

channels channels
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3 The precursor and product ions are indicated as ¢ and 2, where n is the
aggregation number, z is the charge and m is the number of encapsulated glycine

molecules.

b % is beyond the mass/charge detection limit of the mass spectrometer.

As listed in Table 2, dissociation of occupied reverse micelles pro-
duces large product ions, some of which still encapsulate Gly,
suggesting that encapsulation of Gly may improve the overall sta-
bility of reverse micellar structures. The smallest stripped micellar
ion still capable of hosting a Gly molecule is (13 +G)/2, similar
to what we observed in the mass spectrum of Gly-encapsulating
reverse micelles (Fig. 3). Fig. 6 also shows that, under the same con-
ditions, (17 + G)/2 yields less dissociation than other precursor ions.
It follows that (17 +G)/2 has higher stability, again in agreement
with ESI mass spectral results. ocp for Gly-encapsulating reverse
micellar ions are shown in Fig. 7. Generally, occupied micellar ions
have similar or slightly higher o¢p than empty micellar ions. Con-
sistent with its high stability, (17 + G)/2 has a smaller o¢p than all
other precursor ions except (13 +G)/2.

4. Discussion

4.1. Dependence of gas-phase reverse micelle size and charge on
solution conditions

Interpretation of the effects of solution conditions hinges on an
understanding of the reverse micelle formation mechanism in the
ESI process. The charge state of ions is related to the charge density
at the droplet surface [49]. Initial radius (R) and charge (q) of the
droplets produced by electrospray can be estimated as [36-38]:

1/3
Vf&‘
- (%) .

2 2)

where & and g are the permittivity of the solvent and
the vacuum, respectively, y is the surface tension of the
solvent and K is the conductivity of the solution. Accord-
ing to these relationships, droplet radius and charge are

q = 0.7[87(goyR>)
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Fig. 7. CID cross-sections of mass-selected NaAOT reverse micellar ions encapsulating Gly (labeled as % ), measured under single-collision conditions.

predicted to be 0.59-0.62um and 2.1-2.2 x 10* for NaAOT
(0.5-5.0 x 10-3 M)/water (wg = 10)/hexane, 0.92 pm and 5.4 x 10*
for NaAOT (1.0 x 10~3M) in methanol/water, and 0.6 wm and
2.8 x 10* for NaAOT (5.0 x 10~3 M) in methanol/water. Based on
the predicted values of R and g, we found that neither the solvent
nor the NaAOT concentration itself changes the charge density at
droplet surface to a significant extent. Therefore, it is less likely that
the charge density at droplet surface is responsible for formation
of highly charged micellar ions (i.e., z>3). Different charge distri-
butions from different solutions must be related to the aggregate
structures in solution.

One critical aspect of our experiment is whether large
reverse micelles exist in the starting solution or not. For

NaAOT/water/hexane solutions above the CMC, surfactants aggre-
gate to form reverse micelles. When transferred from solution to
the gas phase, reverse micelles may be able to preserve their struc-
tures, at least to some extent. In contrast, NaAOT cannot form
micelles below the CMC. Neither can NaAOT form large micelles
in anhydrous hexane or methanol/water. Consequently, in the
latter three cases, self-assembling of NaAOT into large reverse
micelles has to take place in the gas phase between electrospray
and exposure to a high vacuum. The small size of gas-phase reverse
micelles generated in these cases may be tentatively attributed to
the fact that surfactants have a low concentration in the vapor
state. Bongiorno et al. concluded a similar formation mecha-
nism for methanol/water solution [21]. In sum, we adopted two
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approaches for producing gas-phase reverse micelles, one utilizes
NaAOT/water/hexane micellar solutions, and the other uses hex-
ane or methanol/water solutions of monomeric NaAOT. While both
cases may involve self-assembling of NaAOT in the gas phase,
the micellar solution certainly helps formation of large gas phase
aggregates. CID of the same micellar ions prepared with differ-
ent approaches resulted in similar product ions, suggesting that
the micellar structures are independent of the approach used for
preparation.

It may be argued that multiply charged aggregates are not sta-
ble in a reverse micelle-like structure, because the micellar core
has to host extra counter ions, and there is coulombic repulsion
when the charges are too close to each other inside the core [21].
However, based on direct optimization of dry, isolated NaAOT
reverse micelles [31], and molecular dynamics simulations of low
wo NaAOT reverse micelles inisooctane [58,59], most Na* ions pen-
etrate the layer of AOT polar heads where the Na* ions coordinate
with the sulfonate group. Some Na* can exist outside, where they
coordinate with the carbonyl group of AOT [59]. We performed
Mulliken charge analysis of AOT anion at the B3LYP/6-31 +G(d,p)
level of theory using Gaussian 03 [60]. Each sulfonate oxygen atom
has a Mulliken charge close to or exceeding —0.6, and each carbonyl
oxygen atom has a Mulliken charge close to —0.5. Na* may be able
to interact with sulfonate and/or carbonyl oxygen atoms belonging
to different AOT [21]. Therefore, from the point of view of electro-
static interactions, coordination of Na* with these oxygen atoms
offers favorable structures for multiply charged reverse micelles,
and could become one of important forces controlling aggregation.
It is conceivable that for large reverse micelles, one single extra Na*
is unable to interact with all AOT. Therefore, to stabilize the micellar
structure, more Na* ions are needed as the “gluing” agent between
adjacent AOT. This hypothesis is supported by the fact that triply
charged micellar ions generally are more stable and have higher
intensities than doubly charged ions, as shown in Fig. 2b.

4.2. Is water necessary for reverse micelles?

One unique feature of solution-phase reverse micelles is the
existence of confined, ordered water molecules inside the micellar
core [61-64]. Nanoscale water droplets are assumed to promote the
aggregation of amphiphilic surfactants around the micellar core.
Surprisingly, water molecules are absent in most gas-phase reverse
micellar ions, with the exception of small aggregates where n=2-5,
in which a progression of water adducts were formed. We also
found loss of water from gas-phase reverse micelles which incor-
porate Gly molecules. As demonstrated in present and previous
experiments [21,24,25], losing water does not affect the stability of
gas-phase NaAOT reverse micelles. Theoretical simulations [21,29]
also suggest that the stability of reverse micellar structure in the
vacuum is independent of water. Moreover, the structure of a dry,
isolated AOT reverse micelle with a central void has been proposed
by direct optimization [31].

Loss of water was also observed in gas-phase CTAB reverse
micelles [22] and in other biological complexes (i.e., structural
waters) [65] and was interpreted in terms of dissociation upon
collisions [22]. While collision activated dissociation could be a
main reason for water loss, other factors may also contribute to the
loss of water molecules initially confined in the interior of reverse
micelles. We noticed that Flynn and co-workers reported NMR
studies of low temperature-induced water shedding from NaAOT
reverse micelles composed of a low ionic strength aqueous core
[66,67]. They explained that encapsulation of water molecules into
NaAOT reverse micelles is a spontaneous process. Since insertion of
water in NaAOT reverse micelles is an endothermic process (unfa-
vorable from an enthalpic point of view), the positive change of the
system enthalpy (AH) must be compensated by a positive change

of the system entropy (AS) [67-69]. As temperature decreases
and water becomes supercooled, enthalpy dominates the system
and the micelles expel water. Since in ESI experiments evapora-
tion of solvent from electrospray droplets also results in cooling
of reverse micelles before they enter the capillary, we tentatively
assign the low temperature as one of possible factors prompting
loss of internal water in the micellar core. As water sheds, the
size of the reverse micelles naturally decreases, leading to stronger
interactions between Na* ions and sulfonate/carbonyl groups of
AOT.

4.3. Encapsulation of amino acids into gas-phase reverse micelles

How are Gly molecules entrapped in gas-phase NaAOT reverse
micelles? Gly could be randomly attached to the micellar sur-
face, or entangled with AOT hydrophobic tails. However, these
possibilities may be discounted for several reasons. First, Gly is
a very hydrophilic molecule and would be expected to partition
more strongly into the micellar core than the hydrophobic inter-
face. Secondly, both formation and CID of reverse micellar ions
encapsulating Gly demonstrate a strong dependence on size for
encapsulation, and only reverse micelles of n > 13 are able to host a
Gly (therefore proving thatitis not attached to the micellar surface).
Finally, if Gly is attached to the outer surface of reverse micelles, we
would have observed product ions corresponding to stripping Gly,
and only Gly, off the precursor ions. However, we did not observe
such product ions from CID. In fact, expelling of Gly from micelles
always results in a breakdown of the whole micellar structure. We
did notice that in Fig. 6 there are minor peaks at the mass/charge
positions corresponding to empty precursor ions, however, these
ion signals are artificial (contaminants from the ion source due to
the low mass resolution we set for the first quadrupole mass filter).
Therefore, it is more convincing that Gly is encapsulated inside the
micellar core.

5. Conclusions

We have presented the formation and characterization of mul-
tiply charged NaAOT reverse micelles in the gas phase using ESI
guided-ion beam tandem mass spectrometry. It was found that,
under the same experimental conditions, different ESI solutions
result in dramatic differences in the size and charge distribu-
tions of gas-phase reverse micelles. For example, ESI of a NaAOT
(5.0 x 103 M)/water (wg = 10)/hexane micellar solution produces
a wide spectrum of species characterized by [(NaAOT),Na.|?**
with n in the range of 2-44 and z in the range of 1-5. ESI of
NaAOT monomers in hexane or methanol/water, on the other hand,
produces relatively small micelles in low charge states. The depen-
dence of gas-phase reverse micelle sizes and charges on starting
solutions suggests that, in addition to self-assembling of surfactants
in the gas-phase, pre-formed micelles in solution may preserve
reverse micellar structure when transferred to the gas phase (at
least to some extent) and thus help form large gas-phase aggre-
gates. Surprisingly, we found no water present in gas-phase reverse
micelles, contrary to the general view that reverse micelle requires
water molecules to “glue” the assembly. We speculate that, because
of water shedding, more Na* are required to coordinate with AOT
and support the reverse micellar structure. This finding may lead
to potential applications of gas-phase reverse micelles in synthetic
tasks where the absence of water is required for extremely aggres-
sive chemistry [70]. Another most interesting finding from our
experiment is that gas-phase NaAOT reverse micelles could encap-
sulate Gly molecules, and thus act as nanometer-sized carriers of
biomolecules in the gas phase. Encapsulation of Gly appears to
be strongly micelle size dependent, indicating that Gly molecules
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are most likely located in the hydrophilic interior of the micelles.
CID has been investigated for both empty and Gly-encapsulating
reverse micellar ions, including measurements of product ions and
CID cross-sections over a center-of-mass E., range of 0.1-8.0eV.
CID results provide insights into gas-phase reverse micellar struc-
tures and stability, as well as their dependence on micelle size,
charge and encapsulations.

Our experimental results are in agreement with previous theo-
retical modeling of gas-phase reverse micelles [29,31]. However,
some interesting questions remains, particularly regarding the
driving forces for aggregation of NaAOT, multiple charges, water
shedding and interactions of encapsulated amino acids with sur-
factants. We hope the present experimental measurements will
stimulate interest in theoretical modeling to sharpen a microscopic
picture of multiply charged gas-phase reverse micellar structure.
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