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Abstract

Probing Reaction Dynamics in Complex Gas-Phase Systems Using Guided-Ion-Beam

Scattering and Computational Methods

by
Yigang Fang
Advisor: Dr. Jianbo Liu

An electrospray ionization (ESI) guided-ion-beam tandem mass spectrometer was
developed in our research lab, including vacuum systems, electronics and instrument
control and data acquisition (DAQ) systems using LabVIEW programming. Capitalizing on
this instrument, two experimental projects have been accomplished as described below.

In project 1, formation and characterization of multiply positively and negatively
charged sodium bis(2-ethylhexyl)sulfosuccinate (NaAOT) aggregates were studied in the
gas phase. Mass spectra show the compositions of [(NaAOT).Na,]** for positively charged
aggregates and [Nan-AOTn]?>~ for negatively charged aggregates, with various aggregation
numbers (n) and charges (z). Collision-induced dissociation (CID) of mass-selected micellar
ions with Xe was performed to probe structures of gas-phase micellar assemblies, identify
effects of charge states, solute-surfactant interactions, and determine preferential
incorporation sites of different amino acids. Gas-phase NaAOT surfactants are able to
assemble into a reverse micelle-like structure in positive ion mode and a direct micelle-like
structure in negative ion mode, respectively. Both direct and reverse micelles are able to

incorporate amino acids. Driving forces for amino acid solubilization in gas-phase micelles

v



come from hydrophobic and/or electrostatic interactions, which strongly depend on amino
acid hydrophobicity and charge states.

In project 2, the reaction of deprotonated cysteine ([Cys-H]-) with singlet molecular
oxygen (Oz2[a'Ag]) has been studied, including the measurement of effects of collision energy
(EZo) on reaction cross sections. [Cys-Hl- has a carboxylate anionic structure
(HSCH2CH(NH2)COs2") in the gas phase. Density functional theory (DFT) calculations were
employed to examine the properties of various complexes, transition states and products.
Three product channels were observed, corresponding to the formation of NH2CH2CO2~ with
remaining neutral products, OSCH:CH(NH2)CO: via elimination of OH from an
intermediate complex, and HSCH:C(NH)CO2~ + H:30: via abstraction of two hydrogen
atoms from HSCH:CH(NH2)COs by 102, respectively. Quasi-classical direct dynamics
trajectory simulations were carried out at e = 0.2 eV using B3LYP/4-31G(d) level of
theory. Trajectory results were used to guide the construction of the reaction coordinate,
discriminate between different mechanisms, and provide additional mechanistic insights.
Analysis of trajectories highlights the importance of complex mediation at the early stage of
all reactions, and suggests a partially concerted mechanism for the H202 elimination

reaction.
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Chapter 1

ESI Guided-Ion-Beam Tandem Mass Spectrometer

1.1 Introduction

An electrospray ionization (ESI) guided-ion-beam tandem mass spectrometer was
developed in our research lab for performing gas-phase ion-molecule reactions. The
apparatus, as shown in Figure 1.1, can be divided into five sections: (1) ion source; (2)
hexapole ion guide;! (3) quadrupole mass filter; (4) octopole ion guide and scattering cell;
and (5) second quadrupole mass filter and detector. Briefly, ions are generated in an ESI
source, thermalized in a hexapole ion guide and mass-selected using a quadrupole mass
filter, and then interact with neutral reactant gas in an octopole ion guide. Ionic reactants
and products are collected by the octopole and mass analyzed by a second quadrupole mass

filter, and detected.

Source Hexapole Reactant Quadrupole Octapole Ion Guide Product Quadrupole
—= ES[ —— 9.00 " =——= Jon Guide == Mass Filter —— & Scattering Cell —— Mass Filter & Detector —
: 7.00" 12.00" 14.00" 16.00 "
/ I 1 I 1 i

= 6.00"

|
IR—
—

‘_- LT [ o s 2 6.50"

Figure 1.1 Schematic diagram of the electrospray ionization guided-ion-beam tandem mass
spectrometer



Electrospray Ionization Source ESI is an important technique for the transfer of
biomolecular ions from solution to the gas phase. Prior to ESI, multiple techniques have
been employed for ionization of biomolecules, including plasma desorption, fast atom
bombardment (FAB) and matrix-assisted laser desorption ionization (MALDI). In
comparison with these techniques, ESI is able to achieve ion transfer in a simpler and
purer way, avoiding creating fragment ions and imparting extra internal energy to the

ions.2

Metal needle for ESI Counter electrode

=4 =

Power Supply
2-3kV

Figure 1.2 Schematic representation of ESI

From electrolyte dissolved in solvent to charged naked ions in the gas phase, ESI
process consists of three successive major steps, illustrated in Figure 1.2. Firstly, the metal
needle connects to a syringe (Hamilton Gastight instrument syringe), which feeds the
solution through a polyether ether ketone (PEEK) tubing (i.d. 0.007 in) at a constant speed
of ~0.03 ml/hr. The needle is biased at 2 — 3 kV relative to ground, with the same polarity
as the ions of interest. Consequently, charged droplet forms at the ESI needle tip, and the
coulombic repulsion pushes the charged droplet off the tip. Secondly, due to solvent
evaporation from droplets and resulting droplet shrinkage, the surface tension of the liquid

1s ultimately overcome by the strong coulomb repulsion among charged ions located at the



droplet surface, leading to continuous breakdown of droplets into those of smaller size.
Eventually, charged droplets shrink to very small highly charged droplets and individual
ions in the gas phase.

The potential required for the onset of electrospray, Von, can be calculated as3

r.ycosl
on = (

4d
/2 x In (—) x f,
TC

2
where r. (inch) is the outer radius of ESI needle, y (millinewton per meter) is the surface
tension of the solvent, 6 (radian) is the half angle of the Taylor cone, g is the relative
dielectric constant of vacuum, d (mm) is the distance between ESI tip and counter electrode
and £ is the scaling factor, which, in our case, 1s 0.34.

The droplet size can be estimated using the following equation: 3

R = (Vre/K)'? X f

where V¢ (mL/hr) is the solution flow rate of through electrospray needle, & is the
permittivity of solvent relative to vacuum, K (Q1-cm?2/L) is electrical conductivity of
solution and £ is the scaling factor (equal to 0.103 in our case).

In experiments, samples were dissolved in appropriate solvent at concentrations of 103
— 10* M and, if necessary, sonicated to form a transparent and uniform solution. The
solution was sprayed into the ambient atmosphere through the electrospray needle using a
syringe pump (KD Scientific model 100) at a constant flow rate (0.03 — 0.05 ml/hr),
optimized for a better cone-shape spray thus a higher ion intensity. 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 + (2.0 — 3.2) kV relative to ground (+ for positive ions and —
for negative ions, respectively). The electrospray needle was mounted on an X-Y-Z stage
(Newport 400 linear stage and 481-A rotation stage), so that its position could be adjusted

to optimize the ESI performance. Charged droplets formed from the electrospray needle
3



were fed into a heated desolvation capillary. The distance between the electrospray needle
tip and the sampling orifice of the capillary was 5 — 15 mm.

Source chamber Charged droplets formed from ESI carried a great deal of residual
solvent molecules. In the first vacuum chamber, a desolvation capillary assembly was used
to desolvate and remove these solvent molecules.

The capillary assembly, similar to an arrangement used by Armentrout and co-
workers,* consists of a stainless steel capillary tubing (1.58 mm o.d. X 0.66 mm i.d. x 25.4
cm long, VICI Precision Sampling Inc.) which fits tightly into a 9.5 mm o.d. X 1.6 mm i.d.
stainless steel tubing holder (Higher Pressure Equipment Co.). The assembly was
electrically isolated from the front flange using a PEEK insulator, which allowed us to bias
the capillary tubing at + (70 — 110) V (+ for positive ions and — for negative ions,
respectively) relative to ground and heat it to 140 — 160 °C (using heating tape) during
experiments. Charged liquid droplets and solvated ions underwent continuous desolvation
as they pass through the heated capillary,’ converting to gas-phase ions. Ions were focused
toward the capillary axis by the strong gas flow and then transported through the long
capillary.5

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
distance between the capillary end and skimmer could be adjusted to control the gas
throughout to the second chamber. (The second chamber pressure was maintained at 15 —
20 mTorr for efficient collisional cooling, vide infra.) The skimmer was biased at + (10 — 70)
V (+ for positive ions and — for negative ions) relative to ground, and the electrical field
between the capillary and the skimmer removed remaining solvent molecules by collision-

induced desolvation,’ and prevented large solvent clusters from depositing downstream.6. 7



Hexapole ion guide chamber Ions that emerged from the skimmer were passed into a
rf hexapole ion guide. The hexapole ion guide was constructed of six 3.18 mm diameter
centerless-ground stainless steel rods (PIC Design), 15 cm long, equally spaced on a 9.5 mm
diameter circle. Radio frequency (rf) potentials were applied to the rods using a rf
generators operating between 2 and 3 MHz with peak-to-peak rf amplitude up to 400 V. The
dc bias voltage of the hexapole ion guide was maintained at 1 V.

The hexapole chamber was maintained at a pressure of 15 — 20 mTorr. For ions of low
kinetic energies, ion velocities were dampened by collisions with background gas and ions
were confined towards the center line of the hexapole. This collisional focusing® process
could lead to the increase in ion transmission. In addition, the collisions also resulted in the
relaxation of ion internal energies (both rotational and vibrational) to a Maxwell—
Boltzmann distribution at ambient temperature, leading to the thermalization of internal
and translational energies of ions.* 9 10

Ions subsequently passed into a set of entrance focusing lenses and were injected into
the first quadrupole mass filter.

1st quadrupole mass filter Both quadrupole mass filters in the mass spectrometer used
Extrel 9.5 mm diameter tri-filter rods. These highly precisely machined tri-filter
quadrupole mass filters were dedicated to provide high ion transmission. Immediately
before and after the four main rods, pre- and post-filters made of short stub rods were
equipped to help collimate the ions going into and exiting the mass filter and improve
transmission. Each set of pre- and post-filters was connected to the same DC voltage.!!

The quadrupole mass filter operated at 880 kHz (Extrel model 150 QC) to cover the
mass/charge (m/z) range from 10 to 4,000, or at 2.1 MHz for m/z range from 1 to 500 for

mass analysis of light ions at a high mass resolution.



The first quadrupole mass filter was used for mass selection of reactant ions to be used
for subsequent ion-molecule scattering. 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.

The octopole ion guide chamber Mass-selected ions from the first quadrupole mass
filter were then injected into the rf octopole ion guide. In comparison with the quadrupole
mass filter, the octopole ion guide i1s a rf-only device with inhomogeneous rf field, which
trapped ions in the radial direction. With more rods than quadrupole, octopole has a more
homogeneous trapping field, providing higher confining efficiency. Figure 1.3 shows the
schematic of an octopole ion guide, composed of eight poles equally spaced on an inscribed
circle with radius ro. The effective radial trapping potential can be calculated by

n?q?V¢ r

V — — \2n-2
™ 4mrZaw? (ro)

where g is the charge of given ions, 14 is the potential, m is the mass, m is the radius of the
inscribed circle, w is the rf potential frequency and 2Zn is the number of poles. For octopole,

2n is equal to 8. Thus, the equation can be re-written as shown in Figure 1.3.

Radial Octopole Ton guide

"
®_(_] ' ' o

Figure 1.3 Schematic of octopole ion guide, and a plot of effective radial trapping potential

0

In our experiments, 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
6



varied from —500 to +500 V. The dc bias voltage was used in the retarding potential
analysis (RPA)'2 to determine the initial kinetic energy of selected ions, i.e., beam
intensities 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. Ion kinetic energies in
the lab frame (Xab») are converted to collision energies in the center-of-mass frame (o)
using Feol = Fab x Hmeutral/(Mion + Hheutral), Where nmeutrat and Mon are masses of neutral
collision gas and ions, respectively. The octopole passed through a scattering cell containing
the collision gas (Xe, Ar, or '02) at various pressures.

2nd quadrupole mass filter and the electron multiplier detector Primary ions and their
product ions were collected by the octopole ion guide, and directed to the second quadrupole
mass filter for mass analysis. Ion signals were counted using an off-axis electron multiplier
(DeTech 411, pulse width > 18 — 20 nSec, dark count < 0.05 count per second) operating in
positive or negative ion pulse counting mode, depending on the charge states of ions.

An electron multiplier is a device that can amplify single charged species into a shower
of electrons (i.e., a pulse within a short period), enabling the detection of single charged ions
by a pulse counting device. In principle, when a charged ion hits the surface of secondary
emission material, the bombardment triggers a secondary emission, leading to
approximately 1 — 3 electrons off the surface. Driven by the electronic field, these secondary
electrons undergo further secondary emissions repeatedly, eventually resulting in a pulse
at the collector of the multiplier.

The electronic pulse was delivered to a preamplifier/discriminator (Advanced Research
Instruments FT-100 for positive ions; MTS-100 for negative ions) for amplification and
noise rejecting. The amplified and discriminated signal was routed to a BNC connector

block (National Instruments BNC-2090A), which interfaced to a computer housing two



multifunction DAQ cards (National Instruments PCI-6229 and PCI-6289) for pulse-
counting in our LabVIEW program. The voltage configurations of the electron multiplier

used in positive and negative ion mode are given in Figure 1.4, respectively.
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Figure 1.4 Electron multiplier voltage configurations in positive/negative ion mode

1.2 Vacuum Pumps

During experiments, pressures for the five chambers of our mass spectrometer were
typically as follows:

= Chamber 1: ~2 Torr

= Chamber 2: 15~20 x 103 Torr

=  Chamber 3: 1 x 107 Torr

= Chamber 4: 2 x 106 Torr

= Chamber 5: 1 X 107 Torr



Based on these pressure requirements, three types of vacuum pumps were employed in
our system. A rotary piston mechanical pump was chosen for chamber 1 for its rough
vacuum. With this type of pump, pressure as low as 102 Torr could be obtained.!* The
turbomolecular pump (TP) could operate in pressure range of 102 Torr to below 5 x 10710
Torr.14 It was used for chamber 2, offering a reliable, clean and oil-free vacuum with little
vibration. Featuring high pumping speed for all gases and relatively low cost, oil diffusion
pumps (DPs) had been serving as the workhorse for high vacuum systems. Operating with
an oil of low vapor pressure, it is possible to achieve pressure in the 108 Torr range. DPs
with different pumping speeds were used for chamber 3, 4, and 5, respectively, to meet
their vacuum needs. It should be noted that both turbomolecular pump and oil diffusion
pump cannot operate at or exhaust to the atmosphere. Therefore, each of them requires a
backing pump to expel gases primitively to achieve rough vacuum. Figure 1.5 illustrates
pumping system of the mass spectrometer, including various pumps used for each chamber,

and foreline and roughing valves in the pumping line.

s BET—elis Souice o Ilcxnpqlc — |« Reactant Quadrupole | Ogu{lnylc Ton qude e I’mdug ledrupolc =l
Ion Guide Mass Filter & Scattering Cell Mass Filter & Detector
/5 I il i I
7 = =
j = G A | o L r C
M | | = o
4 i Ll E:
i |

e . S T

1 T I B I |
wﬂ R ’®]_J - Roughing Roughing Roughing
%@ Roughing - —&— — 1 =
= T I I
5 il ] = B —
’g‘ Foreline| ™ " - Foreline|
v = |:®

Foreline| .
Foreline
.
= - ; a5 .5
“aEs  EF LH e s

Figure 1.5 Block diagram of the pumping system for the mass spectrometer

More specifically, the source chamber was pumped by a 12 L/s rotary pump (Edwards

model E2M40) to a pressure of ~1.8 Torr during experiments. The second vacuum chamber
9



was evacuated by a turbomolecular pump (Varian model V301) backed by a 3.6 L/s rotary
pump (Edwards model RV12). The pumping speed of the turbomolecular pump was
adjusted to 70% of its full speed (300 L/s) to keep a pressure of 10 — 20 x 103 Torr in the
second chamber. At this pressure range, the mean free path of most ions was around 1 — 2
mm. Therefore, the interaction of ions with background gas (mainly air and solvent
molecules) in the hexapole ion guide led to collisional focusing, and thermalization of
internal and translational energies of ions.% 9 10 The third and fourth vacuum chambers
were each pumped by a 700 L/s oil diffusion pump (Edwards Diffstak 160/700P), and the
detector chamber was pumped by a 300 L/s oil diffusion pump (Edwards Diffstak 100/300P).
Diffusion pumps were each backed by a 3.6 L/s rotary pump. The standard operating
procedure (SOP) for the mass spectrometer is described in Appendix A.

MP2 to MP5 not only operated as foreline pumps for turbomolecular pump and diffusion
pumps, but were also used to rough down chambers to a low vacuum (< 10 mTorr) when
starting to pump down the mass spectrometer from atmospheric pressure. However, they
could only be all used as foreline or roughing pumps at one time; otherwise, they would
cause oil back-stream to chamber. In our interlock system (to be discussed in next section),
the roughing lines (which controls the MPs to pump down chamber) and forelines 2 — 5
were controlled by the opposite terminals of the same switches, so that all MPs could
operate only for foreline pumping or roughing pumping at a time. In this way, the system
was protected from fault operation of turning on both roughing and the foreline
simultaneously.

1.3 Interlock system
Our mass spectrometer was regularly in operating mode for experiments during work

hours and was switched to standby mode during nights. All vacuum pumps were kept on
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7/24 to maintain the vacuum status of the mass spectrometer. The apparatus was only shut
down occasionally for pump maintenance service once every six months, or for
troubleshooting should problems occurred. It is essential to protect the mass spectrometer
from faulty operation in experiments and unexpected accidents particularly when the
instrument was left unattended, such as electric power failure, any pump failure and
pressure burst, cooling water and compressed air failure, etc. On the basis of this
consideration, a set of interlock system was designed and incorporated into the instrument
control panel.

In the interlock system, a powered control line was routed through various peripheral
devices in series, including cooling water pressure switch, compressed air pressure switch,
convectron vacuum gauges/relays monitoring foreline pressure for five mechanical pumps
MP1/2/3/4/5, and three thermostatic sensors/relays monitoring cooling coil temperature of
diffusion pumps DP3/4/5. This control line was able to monitor the status of these
sensors/switches/relays. In case any of these devices work abnormally (i.e., reaches set
points), the control line would break in one of these relays. As a consequence, a series of
actions would be executed automatically; 1) all high voltage power supplies for various ion
guides, lenses and mass filters would be shut off immediately; 2) the gates between vacuum
chambers and diffusion pumps (or turbomolecular pump) would be closed immediately, to
prevent possible oil back-streaming to the chambers; and 3) all diffusion pumps would also
be shut off immediately, leaving only turbomolecular pump and mechanical pumps
running. In the meantime, an alarm would be triggered and a time delay relay would start
counting down. After a pre-set period of time, ~20 sec in our case, the time delay relay
would be shut off and the whole system was shut off. Thus the system could be protected

even if left unattended. In case the situation comes back to normal within the pre-set
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period, all gates would re-open, diffusion pumps would restart, and all electronics would
resume working. In an emergency situation, a push-off “Kill” button could be pressed
manually and the system would shut off immediately.

1.4 Calibrations

Initial kinetic energy (%) and energy distribution (AZ) of primary ion beam  RPA!2
was employed to determine the Fb and AFE of the primary ion beam, using the octopole as
the retarder (i.e., primary ion beam intensity was measured while sweeping the octopole dc
bias). A low pole dc bias voltage applied to the octopole would allow the majority of the
selected ions to pass through the octopole mass filter. Scanning this voltage incrementally
raised the potential barrier progressively, eventually hindered most ions from passing
through the octopole and killed the ion intensity.

An example kinetic energy profile for Na*(proline) is demonstrated in Figure 1.6. The
first derivative of the RPA is calculated and shown in open circles. To better evaluate the Ko,
a Lorentzian curve is fitted to the data points with a mean of 0.75 eV and a full-width-at-
half-maximum (FWHM) of 0.31eV. As a result, the £ of the primary ion beam is
determined to be 0.75 eV with A% of 0.31 eV.

Octopole Retarding Voltage (V)
1.0 05 00 05 10 15 20 25 30

eoseetrnnanes,

10° 4 X

»
\

5x10% *

lon Intensity (counts/s)

0

-1.0 -0I.5 OTO 0i5 1j0 1:5 2:0 25 3.0

lon Initial Kinetic Energy (eV, Lab Frame)
Figure 1.6 Kinetic energy profile for Na*(proline), shown in the laboratory frame (lower x-
axis). Closed circles: ion intensity versus the octopole retarding voltage (upper x-axis). Open
circles: the first derivative of the RPA curve. Solid line: a Lorentzian curve fitted to the data
points with a mean of 0.75 eV and a FWHM of 0.31 eV.
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Cross section and cell length Integral cross sections were calculated from the ratios of
reactant and product ion intensities, the scattering cell gas pressure, and the effective
length of the scattering cell. Scattering cell gas pressure was measured by a capacitance
manometer (MKS Baratron 690 head and 670 signal conditioner). To allow subtraction of
background from the detector, and from reactions occurring in the ion guide portions
outside the scattering cell, all ion signals were measured with the target gas flow directed
into the scattering cell (“cell-on”), and also with the same flow directed into the vacuum
chamber (“cell-off”).15 Since these two conditions only differ in the gas density inside the
scattering cell, the difference in “cell-on” and “cell-off” signals provided the accurate product
ion intensities due to reactions inside the scattering cell. To calibrate the effective length of
the scattering cell, the cross section for CID of Na*(proline) with Xe was measured, and the
results were scaled to that of Moision and Armentrout, which was obtained using two

different 1on sources, a dc discharge/flow tube source!® and an ESI ion source.*

10.0 5
J Na*(proline) + Xe —>Na"

< ]
c .
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§ 1.0-E
3 ]
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0 1 2 3
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Figure 1.7 Cross sections for CID of Na*(proline) with xenon as a function of collision
energy. Open circles: experimental cross sections. Solid line: simulation based on the
modified line-of-centers model.

Experimental cross sections for CID of Nat*(proline) with Xe as a function of K.l are
shown in Figure 1.7. The calibration was performed at multiple cell pressures (0.05, 0.10,
0.15, and 0.25 mTorr), and the relative uncertainty in calibration was determined to be 10 —
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15%. However, there may exist some absolute uncertainty due to the possibility of different
collection efficiencies for reactant ions (Na*(proline), m/z = 138) and product ions (Na*, m/z
= 23). The calibrated effective cell length is close to what was found for a similar guided-
ion-beam scattering cells!? calibrated using Ar* + D2 = ArD* + D.2 Therefore, the
calibration demonstrated that our collection efficiency was at least reasonably uniform for
widely spread reactant and product ion masses.

Internal energy of ion beams An obvious issue regarding this ESI ion source was the
internal energy distribution of the primary ions. Due to thermalization in the hexapole, the
internal energy was expected to be approximately thermal. To address this issue, the
energy dependence of the CID cross section of Na*(proline) + Xe was fit using the modified

line-of-centers modell7-19

Ecol+Epip+Erot—Eg)™
O-(Ecol) — O'( col vtEb rot—Eo) (1)
col

for (Kol + Euvib + Eiot) > Eb, otherwise, o(£w) = 0. Here o(F.oD) is the cross section, 0o is an
energy-independent normalization constant, v and Frot are the vibrational and rotational
energy of reactant ions, £ is the threshold energy, n is a fitting parameter used to adjust
the slope of o(Z.) (equal to 1.0 in the canonical LOC model?0). To fit experimental data, this
model o(Z£t) function is convoluted with the experimental broadening functions, including
those from ion beam and target gas velocities and ion rotational and vibrational energies.
The fitting was done using the program developed by Anderson and coworkers.!® It is of
interest to probe the distribution of reactant ion vibrational energy. To this end, values of
FEy (=1.94 eV) and n (=1.5) determined by Armentrout et al.* 16 were used. For target xenon
atoms, a Maxwell-Boltzmann distribution of velocities at 300 K was used. For Na*(proline)

ions, we used the RPA measured kinetic energy distribution (Figure 1.7), and assumed a
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Maxwell-Boltzmann distribution of rotational energy at 300 K, leaving only Fii» adjustable
(00 is simply a scaling factor, it does not affect the threshold or curvature of the cross

section). In the fitting, the vibrational energy distribution is a function of Evib_peak,

(Evib)Y/?%exp(—Eyip/2Evib_peak) ©)
(Evib_peak) 1/2xexp(—0.5)

P (Evib) =

where FEiib_peak 1s the most probable vibrational energy of the Boltzmann distribution by
summing over the partition function. Vibrational frequencies of Na*(proline) were
calculated at the B3LYP/6-311G** level of theory and scaled by a factor of 0.9613.2! The
model o(£) was run through a Monte Carlo simulation that included all experimental
broadening factors. For each experimental FEco, the simulation was repeated for 20,000
samples, thereby building up a simulated cross section for comparison with the experiment.
Due to the large number of vibrational modes in Na*(proline), kinetic shifts in the threshold
are expected; 1.e., collision energy significantly in excess of the dissociation limit was
required to drive fragmentation on the experimental time scale (200 — 500 ps).22 To correct
for the kinetic shifts, RRKM lifetimes were calculated with the program of Zhu and Hase,?3
assuming orbiting transition states for dissociation. The RRKM results were then used to
decide each sample would lead to detectable dissociation or not. The kinetic shift for this

system was around 0.15 eV.

Figure 1.7 shows experimental cross sections for collision-induced dissociation of
Na*(proline) with Xe as a function of o, together with the corresponding convoluted model
o(Fw) fitted to eq 1. The best fit Eiip is around 0.19 eV, which corresponds to a vibrational
temperature of 310 K. (For comparison, the average Fuib at 298 K is 0.17 eV). The extracted
lon vibrational temperature from simulation is slightly elevated from the ambient

temperature, presumably due to rf power dissipation by the hexapole. The conclusion could
15



be drawn that primary ions undergo complete thermalization via ion/neutral collisions in
the hexapole ion guide and their internal energy can be well defined using a Maxwell-

Boltzmann distribution.
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Chapter 2

Instrument Control and Data Acquisition

2.1 LabVIEW

LabVIEW, short for Laboratory Virtual Instrumentation Engineering Workbench, is a
design platform and development environment built specifically for engineers and scientists
to create measurement and control systems for scientific apparatus.! It was initially
developed by National Instruments, and is widely used nowadays for instrument control,
data acquisition and industrial automation. Through unprecedented hardware integration,
LabVIEW enables us to manipulate electronic devices and acquire signals in a precisely
synchronized manner from our mass spectrometer.

Unlike other traditional programming languages, LabVIEW wuses a graphical
programming interface, where all data structures and algorithms are represented and
carried out by wiring various function blocks, largely eliminating difficulty and complexity
associated with traditional programming languages. The graphical language, also referred
to as G, is a data flow programming language, originally released for the Apple Macintosh
in 1986. On a graphical block diagram, blocks of various functions can be created and wire-
connected graphically, which resembles the “source code” in traditional text-based
programming languages. In addition to the block diagram, a front panel is provided to
accommodate control and display components, as a human-computer interaction interface,

enabling user inputs, live data display and hardware status feedback in a friendly way.
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Each LabVIEW program designed for a specific objective is called a “virtual instrument
(VD). In the meantime, each VI can be embedded into other VIs, referred to as subVI in this
scenario, working as a sub-routine for its parent VI.

My program was originally designed using LabVIEW 8.5 (released in August 2007), and
updated in LabVIEW 2012 (released in Fall 2012) to utilize the most recent features and to
add more functions.

2.2 Hardware for Instrument Control and Data Acquisition

Computer A Dell precision 390 personal computer with an Intel® Core 2 CPU (2.4GHz),
3GB of memory and a 1 GB hard drive was used for the instrument control and data
acquisition, running Microsoft Windows XP operating system with service pack 3. With
National Instruments (NI) LabVIEW and PCI device drivers installed, it acted as the I/O
coordinator for various electronic devices. A LCD monitor featuring resolution of 1280px X

1024px or higher is required and was used for user inputs and data display.

Table 2.1 NI PCI devices and their connector blocks

. : Name in 68-pin Connector
PCI Devices ~ Installed in PC LabVIEW  connectors Blocks
PCI 6229-0 BNC 2090A-1
PCI 6229 Lower PCI slot Devl PCI 6229-1 SCB-68-1
PCI 6289-0 BNC 2090A-2
PCI 6289  Upper PCI slot Dev2 PCI 6289-1 SCB-63-2

NI DAQ devices Two NI PCI data acquisition (DAQ) cards, PCI-6229 and PCI-6289,
were installed in the computer, serving as the interface between LabVIEW software and
the peripheral hardware. The PCI-6229 card was installed in lower PCI slot in the
computer so that it was recognized as Dev1, while the PCI-6289 card was installed in upper
PCI slot, recognized as Dev2 (summarized in Table 2.1). Each PCI card was connected (via

performance shielded cables NI SHC68-68-EPM) to two BNC-2090A connector blocks, or
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SCB-68 connector boxes, for signal breakdown and physical wiring. Input/output (I/O)
signals were dispatched from these connector blocks/boxes to respective electronic devices
via BNC cables.

Each of the PCI cards features 4 analog outputs (AOs), 32 analog inputs (Als), 48 digital
I/0s (DIOs) and two 80MHz 32-bit counters/timers. In our application, PCI-6229 operated
as the master card with the two counters/timers employed for pulse counting and for
synchronization of multiple channels. PCI-6289 functioned as a slave card; only its AOs
were employed, with all DIOs and both counters/timers idle.

Despite that the maximum clock frequency of the counters built into PCI 6229 was
80MHz, the maximum counting rate was 20MHz. As discussed in the M-series DAQmx
manual,? connecting a signal to the counter externally limits the usable frequency by a
factor of 4, rendering that the minimum detectable pulse width is 16.0 ns and the gap
between rising edges of two successive pulses must be no less than 50.0 ns. The reasons are
described as follows. A counter employs two load registers (load register A and B) that
determine the characteristics (delay and width) of its pulse. Each load register can be
configured with a minimum value of 2. In other words, each register has to have a
minimum of 25 ns (2 * 12.5 ns, where 12.5 ns is the minimum detectable period of the
80MHz timebase), totaling a minimum of 50 ns for both registers. As a consequence, the
maximum output frequency that can be achieved is a quarter of the timebase source
frequency, i.e., S0MHz/4 = 20MHz.

The resolution of AOs for both PCI cards was 16 bits. With the voltage range of =10 V to
+10 V, the minimum distinguishable voltage was 20V/216= 0.3mV. In my application, 10 V

command voltage corresponded to 4,000 amu, i.e., the voltage representing 1 amu was
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2.5mV (10V/4,000amu). Thus, the AO voltage outputs had sufficient resolution for use as
mass command voltages for two quadrupole mass filters.
Jumper wires were configured on the front panel of BNC-2090A blocks for gate signal

routing and output monitoring (see Figure 2.1). Their functions are discussed as follows.
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Figure 2.1 Connections of peripheral devices
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In my program, a gate signal was fabricated to synchronize AOs and DOs. The gate
signal was generated and outputted to Devl/Port0.0, and physically connected to
Dev1/Portl.7 and Dev2/Portl.7 with jumper wires. Two BNC 2090A boxes were bridged
together with a jumper wire from Dev1/Port0.0 to Dev2/Port1.7. In this way, the AOs on
PCI 6289 were able to “see” gate signals generated from PCI 6229.

To operate the scattering cell switch, a DO came out of USER 1 BNC (which was
internally connected to Dev1/Port0.1), and was used to control a solid state relay, which
would open the scattering cell when DO is high and close the cell when DO is low. In the
meantime, it was jumper-wired to Dev1/Port1.6 for live monitoring.

The signal from the electron multiplier was amplified by a preamplifier/discriminator
(Advanced Research Instruments FT-100 for positive ions; MTS-100 for negative ions), and
fed to Dev1/Port1.3 (through USER 2 BNC) for pulse counting.

The AO definitions are listed in Table 2.2, along with the monitoring ports. Four AOs on
PCI-6229 and three AOs on PCI-6289 were used to control resolution, pole bias and mass
command of two mass filters, and floating voltage of octopole ion guide, which will be

discussed in the next section.

Table 2.2 AO definitions of two PCI cards and their monitoring ports

Outputs Inputs
PCI Devices AO Definition Connected to Live monitoring
AOO0 Pole DC Bias 1 Quad Ctrl Box1 | = AIO
PCI-6229 AO1 Pole DC Bias 2 Quad Ctrl Box 2 | = AIl
AO2 ARes 1 Quad Ctrl Box1 | = Al2
AO3 ARes 2 Quad Ctrl Box2 | = AI3
AOO0 Mass Command1l QuadCtrl Box1 | = Al4 PCI-6299
PCI-6239 AO1 Mass Command2 Quad Ctrl Box2 | = AI5
AO2 Floating Voltage = Kepco BOP500M | @ A6
AO3 - - -
102 emission reading from Lock-in amplifier 2> AI7
Scattering cell pressure reading from Baratron manometer 2> AIS8
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In order to take into account the variance of 102 emission and scattering cell pressure
(Pcen), both signals were measured through two Als (AI7 and AI8 on PCI6229) and recorded

to data file.

2.3 Instrument Control and Data Acquisition
2.3.1 Instrument Control

Collision Energy Ion collision energies are one of the most critical parameters
controlling ion-molecule reactions. In experiments, required ion kinetic energies in the Lab
Frame (Ziap) are calculated from the collision energies in the Center-of-Mass Frame (o) to
be used in reactions, using Hab = Feol X (Mion + Hheutral)/ Mneutral, Where mieutral and Mion are
masses of neutral collision gas and ions, respectively. By dividing the calculated ion kinetic
energies by a unit of electric charge, the corresponding DC bias voltages applied to the
octopole ion guide can be obtained, referred to as floating voltage. In other words, floating

voltage in lab frame (Vioat) is calculated by:

mi+Mn

Vfloat =——(=E) — col(cm) X M—)
n

nxe

where nis signed number of charges of given ions, and constant eis the elementary charge.
For instance, for deprotonated Cys ([Cys—H]-) + 102, n = —1; mi = 120; M = 32; suppose

Fo = 1.0 eV and the desired Ewo = 0.1 eV, then the floating voltage in lab frame can be

obtained by:

=-0.525V

120 + 32)

1.0-0.1x
( 32

V, =
float —1xe

In our LabVIEW program, ion collision energies were controlled by an operational
power supply, whose output was precisely and rapidly controlled by an AO signal of NI

DAQ card.
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Floating voltages coming out of DAQ cards (—4 V to +4 V) were linearly "amplified" by a
bipolar operational power supply/amplifier (Kepco BOP500M) by a factor of 50 (—200 V to
+200 V). The octopole and all electronic lenses downstream were floated by the same
amount.

Mass spectrometer Two quadrupole mass filters, selecting ions by mass/charge ratio
(m/z), are critical components in our mass spectrometer. Thus they demand high accuracy
and stability of control voltages, and could be controlled precisely by the LabVIEW program.
Since the mass command voltages of the quadrupole mass filters were based on DC voltages
ranging from 0 to 10 V, they could be controlled using two analog outputs on NI DAQ board,
one for each mass filter.

On two home-made quadrupole control boxes, resolution (AM) and resolving power

(ARes) were equipped enabling resolution adjustment for various ion masses. ARes is
defined as ARes = %, where M i1s the mass-over-charge of interest, and AM is the mass-

over-charge difference between M and its closely accompanying species. The values of ARes
for each quadrupole are hereafter designated as AResl and ARes2. In our applications,
these two ARes were controlled by two AOs ranging from -5 V to +5 V, approximately
equivalent to a £1% change in the resolution voltage.?

A pole bias voltage was applied to each quadrupole mass filter to finely collimate ion
beam. This voltage was controlled by an AO of the DAQ card, and varied from —4 V to +4 V,
corresponding to -200 — +200 V actually imposed on the quadrupole mass filters. In the
following, this pole dc bias voltage will be noted as PB followed by a number, i.e., PB1, PB2,
indicating the quadrupole it applies on.

Scattering cell The scattering cell could be turned on/off using solid state relay

controlled by a TTL high/low voltage (DO from PCI 6229). By subtracting the background
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signal during cell off (the target gas flow directed into the vacuum chamber) from that
during cell on (the same flow directed into the scattering cell), the net product ion intensity
represents an accurate count of ions produced inside the cell.

All of the AOs were connected to the two home-made quadrupole control boxes for the
quadrupole mass filters, with the exception that floating voltage was connected to an
operational power supply (Kepco BOP500M).

2.3.2 Data Acquisition

In addition to controlling the mass spectrometer, my LabVIEW program was also
designed to acquire signal as well.

Number of ions was counted using a counter on the DAQ device. Besides, the intensity
of 102 emission measured by a lock-in amplifier and the scattering cell pressure measured
by a Baratron Controller were fed to the DAQ device through two Als for record.

2.4 Data Acquisition Software

Two sets of LabVIEW programs were designed for instrument control and data
acquisition of our ESI guided-ion-beam tandem mass spectrometer, named as MassScan.vi
and IMR.vi.

2.4.1 MassScan.vi

MassScan.vi was designed for auto-tuning of various instrument parameters and mass
spectra measurements. Figure 2.2 depicts the front panel of the program.

A series of tasks can be executed with the program, including:

e determining initial kinetic energy (%) and energy distribution (AE) of primary
ion beam;
e scanning and optimizing the pole DC bias voltages for the first and second mass

filters (noted as PB1 and PB2);
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e scanning and optimizing resolutions for the first and second quadrupole mass
filter (noted as ARes1 and ARes2);
e conducting conventional mass scan for each quadrupole mass filter (MS1 scan

and MS2 scan); and

e collecting ion intensities at m/z (Single Mass mode).
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Figure 2.2 Front panel of the LabVIEW program MassScan.vi

These procedures are described in detail as follows.
1) Calibrate Bo The initial kinetic energy of primary beam was analyzed using the
octopole as the retarder. Primary ion beam intensities were measured while
sweeping the dc floating voltage applied to the octopole and all electronic lenses
downstream, i.e., a retarding potential analysis. Figure 1.6 illustrates the
retarding potential analysis for the determination of £y for Na*(proline) ion beam.

The ion intensity versus the retarding voltage in the laboratory frame is indicated

in closed circles, and its first derivative curve is shown in open circles. To locate

DO
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2-3)

4-5)

6-7)

the FEb, a Lorentzian curve (in solid line) was fitted to the first derivative curve,
resulting in a £vof 0.75 eV. By calculating the full width at half maximum (FWHM)
of the Lorentzian curve, AE was determined to be 0.31 eV.

Scan PB1 and PB2 A combination of RF and DC potentials was applied to each
quadrupole mass filter. These included a RF potential and a DC potential for ion
mass selection, along with a pole DC bias for ion beam collimation. The former two
potentials were determined based on m/z of given ions, and generated by a RF/DC
power supply (Extrel 150-QC), while the latter was controlled by my LabVIEW
program. Before experiments, PB1 and PB2 were scanned individually from —10 V
to +10 V to locate optimal values for higher ion intensity.

Scan AResl and ARes2 Prior to mass spectra measurements, ARes for each mass
filter was optimized by measuring the ion intensity at the primary ion m/z, and 2
amu off the primary ion m/z positions, respectively, as scanning the ARes control
voltage from —5 V to +5 V. An optimal value of ARes is the one that gives the
highest ion intensity at the primary ion m/z position, while negligible counts when
the m/z position is off by 2 amu. This will result in the FWHM of mass peak no
more than 2 amu. Note that it may become necessary to compromise the ARes and
ion intensity, particularly when scanning mass over a wide range.

Scan Mass 1 and Mass 2 Quadrupole mass filters are designed to precisely select
ions with specific m/z. The m/z value was controlled by the mass command
voltages generated by LabVIEW programs.

In Mass 1 scan, the mass scan was performed by the first stage mass filter over a
defined m/z range, with the second stage mass filter operating in rf-only mode as

an ion guide. This mode was mainly used to examine all the species produced from
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the ESI source. In Mass 2 scan, the second stage mass filter was scanned while the
first mass filter was either fixed at a specific m/z or operated as a rf-only ion guide.
This was mainly used for measuring product ions from ion-molecule reactions,
while the primary ion was selected by the first stage mass filter. In this case, the
first mass filter was set at primary ion m/z.

8 Single Mass mode Measuring ion intensity at a given m/z position with other
parameters fixed is essential to verify the stability and consistence of the ESI
source and the mass spectrometer over time. This is also an effective way for
troubleshooting.

During experiments, Mass 1 scan and Mass 2 scan were performed initially to
determine m/z positions of primary and product ions, followed by PB1 and PB2 optimization
to improve ion transmission. Once these values were optimized, AResl and ARes2 were
scanned and optimized accordingly. Subsequently, £ was determined before running ion-
molecule experiments at various collision energies.

During mass scan, in order to avoid contamination from previous counts, a period of 0.1
second was implanted between each two scan steps. This period allows the time for the
change of mass command voltage, while the counter stopped counting. This implementation
ensured the ion counts collected by LabVIEW program represent the true counts at each
m/z position.

2.4.2 IMR.vi

IMR.vi was designed to measure ion-molecule reaction cross sections, and adopted all
parameters optimized by MassScan.vi. It was capable of precisely controlling the collision
energy and the pressure of neutral collision gas in the scattering cell during ion-molecule

reactions. Figure 2.3 depicts the front panel of the program.
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IMR.vi only executed one type of task, i.e., collecting ion intensities at designated
reactant and product m/z positions alternatively while varying the collision energies Feol
with other parameters fixed at certain values. Prior to experiments, ion mode was selected
on the front panel. Parameters, including: £, PB1, PB2, MS1 (reactant ion), MS2 (for

reactant and product ions), ARes1, and ARes2, were determined previously by MassScan.vi.
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Figure 2.3 Front panel of the LabVIEW program IMR.vi

In each experiment, up to five different product ions could be detected for cross section
measurements. And the dwell time for reactant and each product ions could be varied
individually.

Collision energies can be set up in divided segments. For example, £ of 0.05, 0.1, 0.2,
0.3, 0.4, 0.5, 0.75, 1.0 €V could be divided into three segments:

% Segment 1: from 0.05 to 0.1 eV, step 0.05 eV

% Segment 2: from 0.2 to 0.5 eV, step 0.1 eV

% Segment 3: from 0.75 to 1.0 eV, step 0.25 eV

The resulting K array was displayed on the front panel once the program started.
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During scan, the first mass filter was fixed at the m/z of the primary ion. All Eia was
looped through sequentially. Measurement at each Kt was divided into two sections,
scattering cell on (i.e. neutral reactant gas was directed into scattering cell) followed by
scattering cell off (i.e. neutral reactant gas was directed to the chamber). During each
section, primary ion intensities and product ion intensities were measured individually over

pre-set dwell time, as illustrated by the sequence in Figure 2.4.

Evcol
Scattering Cell ON Scattering Cell OFF
productl = product2 - productl = product2 -
reactant product3 = ... reactant product3 = ...

Figure 2.4 A sequence of measurements at each Feol

The measured ion intensities for each m/z were listed in the “Ton Intensities” table on
the front panel. The AO control voltages for Floating Voltage, PB1/PB2, ARes1/ARes2, Mass
command 1/Mass command 2 were monitored in real time by various Als. The current Feol
and the status of the scattering cell (i.e. ON or OFF) were also indicated on the front panel,
and updated in real time. Comments by users could be typed in anytime during the

experiment, which was also saved to the data file.

30



References

—

National Instruments, 2012 <http://www.ni.com/>.

2 NI M-series DAQmx manual , National Instruments,
<http:!//www.ni.com/pdf/manuals/371022k.pdf>.

3 Manual for 150-QC quadrupole power supply, ABB Extrel, 1997.

31



Chapter 3

NaAOT Reverse Micelles in the Gas Phase: Formation and

Structures

3.1 Introduction

Sodium bis(2-ethylhexyl)sulfosuccinate (NaAOT) is an ionic surfactant, with two
branched alkyl chains as shown in Figure 3.1. It is well suited to form stable reverse
micelles in apolar solvents. With surfactant hydrophilic polar heads oriented around an
approximately spherical, nanoscopic internal core and hydrophobic alkyl chains forming the
outer surface, reverse micelles represent polar microenvironments. In practice, NaAOT
reverse micelles are widely used in chemical and biophysical work for solubilization,
separation, catalysis, drug delivery, nanoparticle synthesis, and generating membrane-
mimetic systems.13

In contrast with enormous work devoted to NaAOT aggregates in solution, only a
handful of investigations have been reported concerning NaAOT aggregates as charged
species in the gas phase,*!2 including electrospray ionization (ESI) and matrix-assisted
laser desorption/ionization (MALDI) mass spectra,® 10 time-of-flight secondary ion mass
spectra!? and infrared multiple photon dissociation spectra® of singly and doubly positively
charged NaAOT aggregates. These measurements revealed reverse micelle-like structures
for these aggregates. Parallel to experimental advances, molecular dynamics (MD)
simulations have demonstrated that NaAOT reverse micelle remains stable in vacuo,!'315

with apolar tails collapsing on the outer surface to make the structure more compact.!s
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Figure 3.1 Skeletal formula of bis(2-ethylhexyl) sulfosuccinate anion (AOT-).

In this chapter, the formation of positively multiply charged NaAOT aggregates in the
gas phase is reported using ESI mass spectrometry. Collision induced dissociation (CID)
was employed to determine their structures.* It was found that, positively charged NaAOT
aggregates adopted a reverse micelle-like structure in the gas phase, with compositions of
[Nan+,AOTn]#* (z = 1 — 5). High charge states allowed the observation of much larger
aggregation numbers (n = 2 — 44) than those reported in literature.!3 1618 Multiply charged
[Nan+-AOTn]** was able to accommodate guest amino acid molecules. CID of mass-selected
reverse micellar ions with Xe was performed to verify reverse micelle-like structures of gas-
phase micellar assemblies, and determine the preferential incorporation site of amino acid.
3.2 Experimental

Instruments and materials The experiments were carried out using our mass
spectrometer operated in positive ion mode. Both quadrupole mass filters used Extrel 9.5
mm diameter tri-filter rods operating at 880 kHz (Extrel model 150 QC) to cover the m/z
range from 10 to 4,000.

The molar masses, purities, manufacturers and storage of chemicals and solvents used
in the experiment are listed in appendix C. All chemicals were used without further

purification.
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NaAOT (C20H37NaO7S, 444.56g*mol’!, stored over P205 in a desiccator) reverse micelles
were prepared in anhydrous hexane containing 2.0 x 103, 5.0 x 103 and 10 x 103 M NaAOT,
respectively. These concentrations are above the CMC of NaAOT in hexane (1.1x 103 M).19
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 different water-to-AOT molar ratios wo, and the solution
was sonicated for 10 minutes to create a transparent reverse micellar solution. The
conductivity of the solution was measured using a YSI model 34 conductance meter.

In experiments, the sample solution was sprayed into the ambient atmosphere through
an electrospray needle using a syringe pump at a constant flow rate of 0.04 ml+hr?. The
electrospray needle was biased at 3,000 V relative to ground. Positively charged droplets
formed from the electrospray needle were fed into the heated desolvation capillary. Initial
radii of spray droplets were estimated to be ~ 0.6 um.2922 Assuming solvent evaporates
uniformly from the droplet surface, the time for hexane evaporation was estimated at less
than 0.5 ms.23 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 was located 5 mm from the capillary
end, and was biased at 10 V relative to ground. Ions that emerged from the skimmer were
passed into a rf hexapole ion guide at a pressure of 10 mTorr, leading to collisional
focusing.2426 Jons subsequently passed into a set of entrance focusing lenses followed 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, with
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amplitude varied from —500 to +500 V. The octopole passed through a scattering cell
containing the collision gas Xe at ~ 0.01 mTorr. 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 multiplier.

CID measurements Assuming gas-phase 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
was 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 0.010 — 0.013 mTorr during CID
cross section measurements. In this pressure range, the probability of a single collision
between a micellar ion and Xe was ~15%, and that of double collisions was < 4%. The
majority of micellar ions (> 81%) passed through the scattering cell without interacting
with Xe at all.

Numerous dissociation channels and product ions of various mass and charge were
produced from CID of multiply charged ions. The difficulty of measuring cross sections for
individual channels is rationalized as follows. 1) Due to the low Xe pressure, intensities of
product ions were too low to achieve a good signal-to-noise ratio. 2) Because CID of multiply
charged precursor ions accompanied charge separation,?® 2728 some product ions possessed
m/z which was beyond the mass spectrometer detection limit (i.e., 4000). 3) For the given
octopole rf frequency (4 and amplitude (V:s), only ions with radial velocities up to well-
defined cutoff values can be confined by the octopole.29 At high Fto, light product ions may
have high radial velocities. In order for these ions to have stable trajectories, 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 potential (Uet) confining the ions’ radial motion is proportional to Vi/mf2. High
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frequency dictates high V. however, there are V. limits set by arcing, and high V. also
tends to exacerbate the breakdown of adiabaticity.2® For the mass ratios in this system, it is
difficult to avoid loss of some product ions at high Fel. For these reasons, only total CID
cross sections were measured by the loss of primary micellar ions at each Ecol.

Because of the low measured ion intensities, it is important to minimize systematic
variation in experimental conditions that might be caused by drifting potentials, change in
ion beam intensities, etc. In experiments, different Fo were cycled through 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 several times to ensure the reproducibility.

3.3 Results and discussion
3.3.1 Mass spectra of NaAOT/water/hexane reverse micellar solutions

Figure 3.2 depicts the mass spectra obtained by ESI of NaAOT/water/hexane reverse
micellar solutions with varying values of wo. Gas-phase aggregates have the composition of
[(NaAOT)nNa.]7*, within the instrument detection range (m/z = 1 — 4,000). 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. In the following discussion
the aggregates are indicated as n/z for convenience. The most intense mass peaks in
Figures 3.2a and 3.2b are attributed to the singly charged species, of which 5/1 and 6/1 are
the strongest, and the relative abundance of aggregates decreases with increasing
aggregate size and charge. A series attributed to singly charged [(NaAOT).H]* is identified
in Figures 3.2a and 3.2b, of which one Na* is substituted for a proton. But the intensities of

[(NaAOT)H]* are much lower compared to corresponding [(NaAOT).Na]*.

36



It was found that, the distributions of gas-phase NaAOT aggregate size, and therefore
charge, are strongly dependent on the values of wo, and heavier aggregates form upon
increasing wo, as demonstrated in Figures 3.2a and 3.2b. At wo = 0 — 5 (mass spectrum for
®o = 5 not shown, but similar to wo = 0), the maximum aggregation number (hmax) and
charge (zmax) are 26 and 3, respectively. The values of Nmax and zZmax increase to 35 and 4 at
®o = 6.5 (not shown), and to 44 and 5 at wo = 10. The actual values of nmax could be larger,
since the maximum size at each wo is approaching the detection limit of the mass filter.
There is a minimal aggregation number (nmin) for each charge state, 2, 4, 8, 14 and 20 for z

=1, 2, 3, 4 and 5, respectively.
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Figure 3.2 ESI mass spectra of NaAOT/water/hexane reverse micellar solutions with
different wo. [NaAOT] = 5.0 x 103 M and a) @o =0, b) wo = 10, and ¢) oo = 30.
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It is also worth noting that, increasing wo 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 remarkably as wo 1s progressively
increased. When wo exceeds 20, the mass spectra become congested and poorly resolved.
The mass spectrum of wo = 30 is shown in Figure 3.2c, with a progressively growing
background signal starting at m/z = 1500. A reasonable explanation for the broadened and
diffused spectrum at wo = 30 is that the abundance of large, multiply charged micelles
increases at high wo, 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.3® Another possible contribution to the complexity of mass spectra
at extremely high water loading could be attributed to residual water molecules within
reverse micelles. Because gas-phase aggregates underwent collisions with air and solvent
molecules, portions of small aggregates observed in Figures 3.2a — 3.2¢ could be yielded
from dissociation of large aggregates by sequential losses of AOT and Na*.

To evaluate the influence of pre-formed micelles in solution on gas-phase aggregates,
the NaAOT solutions with various concentrations were prepared in hexane while keeping
the value of wo at 10. For solutions containing 2.0 x 103, 5.0 x 103, and 10 x 103 M NaAOT
(all above the CMC), no difference was found 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 didn’t affect gas-phase aggregates. However,
for a solution of 0.5 x 103 NaAOT (below the CMC), nmax and zmax decreased to 26 and 3,
respectively.

It is interesting to note that, the dependence of observed nmax on wo for gas-phase
aggregates is analogous to that for the micellar solution. Dry NaAOT reverse micelles in
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apolar solvents have an average aggregation number around 20.13. 3L 32 Aggregation
numbers of wet reverse micelles could be estimated using n = 4nrcore®/Anead and reore = 1.7
w0(A),33 where reore is the radius of the micellar core and Anead is the area occupied by each
AOT polar head at the interface (0.52 nm?2).> 34 35 Typical values of n in solution are
estimated to be 18, 32 and 70 for wo = 5, 6.5, and 10, respectively. The values of observed
gas-phase nmax, except for wo = 10, are comparable to the corresponding n in solution. The
possibility of missing large gas-phase aggregates at m/z > 4,000 could not be ruled out,
since theoretical simulations suggest that gas-phase micelles could have more compact
structures compared to those in solution.l'” However, it is less likely that the large
aggregates would be in high abundance. In summary, the correlation between the size of
gas-phase aggregates and wo of ESI solutions — a key property of reverse micelles in
solution, implies that gas-phase aggregates retain a memory of starting assembly in
solution.

3.3.2 Mass spectra of NaAOT monomers in methanol/water (1:1)

In order to further investigate the effects of solution conditions on the size and charge
distribution of gas-phase aggregates, a control experiment was carried out under the same
conditions, except a methanol/water (1:1 volume ratio) solution of 1.0 x 103 M NaAOT
(below CMC in water, 2.0 x 103 M1®) was used. In this case, only aggregates of n = 2 — 26
and z = 1 — 3 were observed, which is similar to the spectrum obtained from a dry
AOT/hexane micellar solution (i.e. mo = 0). In addition, the distribution of size and charge is
independent of NaAOT concentration in methanol/water, in the range of 0.7 x 103 — 5.0 x
10 M which was chosen to bracket the CMC of NaAOT.

Although the NaAOT solution was prepared in a similar manner, our ESI mass spectra
of NaAOT in methanol/water are somewhat different than those reported by Bongiorno and

39



Giorgi et al®® Their ESI mass spectra are dominated by singly charged species
[(NaAOT)nNal*, 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 operating conditions and instrumentation. In their experiments, ESI
was operated at a flow rate of 0.12 — 4.2 ml*hr! with a nitrogen sheath gas. Their capillary
was heated to 230 °C, and mass spectra were measured on an ion-trap mass spectrometer
(LCQ DECA, ThermoFinnigan). In contrast, our ESI source was operated at a much lower
flow rate (0.04 ml+hr?) and with no sheath gas. The capillary temperature was maintained
at 150 °C, and mass spectra were collected on a quadrupole mass spectrometer. Some of
these different operating conditions may exert counteracting effects on size and charge
distributions. For example, the sheath gas and high capillary temperature used in their
experiment increased the evaporation rate and reduced the time available for desorption of
ions during stages of low-droplet charge density, which perhaps lead to low ion intensities
of lower charge states.3? On the other hand, their ESI was operated at a higher flow rate,
which increased the evaporation time and favored lower charge states. Note that multiply
charged NaAOT aggregates are extremely 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 10 V.
Aggregates of z > 3 achieved the highest intensity at capillary voltage of 70 V, but
completely disappeared when the capillary voltage increased to more than 110 V. The
capillary-skimmer potential was not indicated in Bongiorno and Giorgi et al’s experiments.

It is suspected that the absence of high charge states in their measurements may be due to
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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 experiment were collected under the same
experimental conditions unless otherwise stated, so that one can focus on effects of solution
conditions.
3.3.3 Mass spectrum of NaAOT reverse micelles encapsulating glycine

In this experiment, Gly was added into NaAOT reverse micelle solutions in hexane with
0o = 10 G.e., [NaAOT] = 5.0 x 103 M and [Gly] = 1.0 x 103 M). Reverse micelles were then
introduced to the gas phase via ESI, followed by mass analysis. This simple amino acid was

chosen because it facilitated the identification of key factors in gas-phase reverse micelle

encapsulation.
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Figure 3.3 ESI mass spectrum of a reverse micellar solution containing 5.0 x 103 M NaAOT,
5.0 x 102 M H20 (wo = 10), and 1.0 x 103 M glycine in hexane.
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Figure 3.3 shows the mass spectrum of Gly-encapsulating NaAOT reverse micelles. In
the m/z range below 2,000, mass spectrum of reverse micelles with Gly incorporated is
indistinguishable from that of empty reverse micelles shown in Figure 3.2b, which implies
that at this m/z range, gas-phase aggregates are unoccupied. Occupied NaAOT aggregates
are observed with compositions of [NaAOT)nNa,Glym]#* in the m/z range above 2,000. These
species become prevailing at m/z above 3,000. In the figure, these species are indicated in
shaded areas, and labeled as (n+mG)/z. Note that, although Na* and/or H* can be attached
to Gly molecule,35: 37 no monomers and clusters of sodiated or protonated Gly have been
detected, indicating that all Gly molecules are confined within NaAOT aggregates.

Another interesting finding is the strong correlation between the encapsulation
capability and the size of gas-phase NaAOT aggregates. For aggregates with aggregation
number less than 13, no encapsulation was detected. Aggregates of n > 13 can entrap one
Gly molecule, while those of n > 16 can entrap two. Up to three Gly molecules can be
accommodated 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 Jnx A/ 7 where A is the area of the AOT
polar head (0.52 nm?). 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 available micellar core size.
Among Gly-encapsulating aggregates, (17+G)/2 has the highest abundance, indicating a
particularly stable geometric structure for this assembly.

A charge dependence of Gly encapsulation is also found. 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
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species can entrap more Gly molecules (e.g. (16+G)/2 vs. (16+G)/3). It is also worth noting
that upon encapsulation of Gly the intensities of highly charged micelles (.e. z > 3)
dramatically decreases, 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 associations are assumed
between surfactants and Gly molecules. ESI mass spectrometry experiments were
performed with proline or tryptophan incorporated into NaAOT reverse micelles, and a
similar dependence of encapsulation on micelle size was found. The analysis of tryptophan-
encapsulating NaAOT reverse micelles will be discussed in detail in next chapter. These
findings strongly support a reverse micelle-like structure for gas phase NaAOT aggregates
containing biomolecules in their interior. To emphasize the spatially ordered reverse
micelle-like NaAOT aggregates, these aggregates will be referred to as gas-phase reverse
micelles (or micellar ions) in the remainder of the chapter.

3.3.4 CID of gas-phase NaAOT reverse micelles

Empty reverse micelles One issue in interpreting CID of NaAOT reverse micellar ions
concerns mass coincidences among different charge states. Ion intensities of peaks
corresponding to singly charged micellar ions include the shares of all multiply charged
ions at the same m/z positions. For example, m/z of 2,687 represents at least four
overlapping charge states, 6/1, 12/2, 18/3, and 24/4. For this reason, 13/2, 15/2, 17/2, 16/3,
17/3, 19/3 and 20/3 were chosen as the precursor ions, listed in ascending order of micelle
size and charge. Selection of these ions circumvents the complication of mass coincidence
with other charge states, and simplifies the interpretation of product ion spectra. In
consequence, the dissociation behavior of each micellar ion is clearly revealed. Figure 3.4

shows the product ion spectra from CID of mass-selected micellar ions. To map out all
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dissociation product ions within the instrument m/z detection limit, date on Figure 3.4 (and
on Figure 3.6) were obtained at a relatively high Xe pressure (0.15 mTorr) in the scattering
cell, and were accumulated over a long period of time. Many product ions were produced in
collisions of these precursor ions with Xe. Because of multiple 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
Figure 3.4 do not reflect the branching ratio. However, all product ions in Figure 3.4 were
observed under single-collision conditions as well.

Dissociation channels for individual precursor ions are summarized in Table 3.1. Both
complementary product ions, produced from a dissociation leading to two charged products,
were observed in mass spectra and are included in the table, unless otherwise stated.
Dissociation of reverse micelles strongly depends on their charge states. For the doubly
charged micellar ions, CID exclusively produces singly charged products. It is interesting to
note that the major CID channels for doubly charged micellar ions correspond to divisions
of precursor ions into two nearly equally-sized products, e.g., 15/22>8/1+7/1. CID of triply
charged micellar ions becomes more complex, and products include both singly and doubly
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. Alternative assignments are indicated using parentheses for some
product ions in Figure 3.4. It is 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.
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Figure 3.4 CID mass spectra of mass-selected NaAOT reverse micellar ions. Spectra were
measured at Feot = 1.0 eV for doubly charged ions and Feol = 1.5 €V for triply charged ions,
with a 0.15 mTorr Xe in the scattering cell. Asterisks indicate precursor ions, and the labels
in parentheses are alternative assignments for product ions.
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Table 3.1 CID products of gas-phase NaAOT reverse micellar ions

Precursor ions

Dissociation channels

Precursor ions

Dissociation channels

13
2

& 5
_+_
1 1

16
3

115

21
10
2
9

6
1
7
+_
1

2
EH
2
2
11
—+
2
10

2
9
—+
2

13
2
14
2
12
2
11
2"
10

2
14
2
13
2
12
2
11
2
10 1
21

5
1
6
1
7
1
8
1
L8
1
5
1
7
L1
1
8
1
9°
1
6
1
7
1
8
1
9’
1
0°

* beyond the m/z detection limit of the mass spectrometer.

46



20
1000 { 3
500 -

1000

1000 A

500 500 A

N~
\wg

o
N
N
o
o
N
N
o
©

—-
[6)]
-
~

1000 {2~ 1000 1 3~
—
=<
a
(&} B 4
O 500 500
O T T 0 T T T
0 2 4 6 0 2 4 6 8
13 16
1000 { 2 1000 { 3
500 500 -/
0 T T o T T T
0 2 4 6 0 2 4 6 8
E E

Figure 3.5 CID cross sections of mass-selected NaAOT reverse micellar ions, measured at
single collision conditions.

Total CID cross sections (ocm) for precursor ions are reported in Figure 3.5, in the Ful
range of 0.1 — 6.0 eV for doubly charged ions and 0.1 — 8.0 eV for triply charged ions. All
collision energies are given in the center-of-mass frame. The main points of cross section
measurements are as follows: 1) o shows threshold-like behavior at low Etoi and increases
as Feol rises. 2) ocm strongly depends on reverse micelle size. At Ewol = 6.0 eV, ccm increases
from ~ 600 A2 for 13/2, to ~ 950 A2for 17/3, and ~ 1150 A2 for 20/3. 3) scm is enhanced by

the micelle charge. For example, 17/3 has larger ocip than 17/2 at all collision energies. 4)
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ocm of large micellar ions was compared with their hard-sphere collision cross sections
(Ohard-sphere) With Xe. At our highest Ful, ocm for 17/3, 19/3, and 20/3 are 1,000 — 1,200 Az,
Assuming spherical geometries for reverse micellar ions, their hard-sphere collision cross
sections are 1,200 — 1,300 A2 ccm is approaching the collision limit at our highest FEco.
Therefore, at sufficiently high energies, it is expected that nearly every hard sphere
collision will lead to dissociation, and ccip becomes independent of .38 For micellar ions
of n < 17, maximum ocimp are smaller than their Ghard-sphere. However, it is possible that they
have not reached the plateau in close proximity to Ghard-sphere at our highest Ewo. In any case,
oc provides a measure of the lowest limit of the average micelle size.

Gly-encapsulating reverse micellar ions Because CID of occupied reverse micelles may
involve a competition between stripping surfactants and expelling confined amino acids, it
1s interesting to compare CID of empty and Gly-encapsulating reverse micellar ions. 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 sizes and charges of precursor ions to
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.

Mass spectra of CID product ions for mass-selected reverse micellar ions incorporating
Gly is shown in Figure 3.6 and their dissociation channels are summarized in Table 3.2.
Occupied reverse micellar ions have distinct dissociation channels from the corresponding
empty ones. As listed in Table 3.2, dissociation of occupied reverse micelles produces large
product ions, some of which still encapsulate Gly, suggesting that encapsulation of Gly may
improve the overall stability of reverse micellar structures. The smallest stripped micellar
ion still capable of hosting a Gly molecule is (13+G)/2, similar to what was observed in the

48



mass spectrum of Gly-encapsulating reverse micelles (Figure 3.3). Figure 3.6 also shows
that, under the same conditions, (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. ocm for Gly-encapsulating reverse micellar ions are shown in Figure 3.7. Generally,
occupied micellar ions have similar or slightly higher ocmn than empty micellar ions.
Consistent with its high stability, (17+G)/2 has a smaller ccm than all other precursor ions

except (13+G)/2.
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Figure 3.6 CID mass spectra of mass-selected NaAOT reverse micellar ions encapsulating
Gly. Spectra were measured at Fo = 1.0 €V for doubly charged ions and Feo = 1.5 eV for
triply charged ions, with a 0.15 mTorr Xe in the scattering cell. Asterisks indicate precursor
ions, and the labels in parentheses are alternative assignments for product ions.
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Table 3.2 CID products of gas-phase NaAOT reverse micellar ions encapsulating Gly

Precursor ions?

Dissociation channels

Precursor 1ons?

Dissociation channels

13+G
2

%(not detected) + ? +G

16 +G
3

15+G

3

li+2+G
3

+1

-E+§+G
2 1

15+G

li+2+G
2

%(not detected) + % +G

17+ G

16+G

3

E+1+G

+1

17+ G

16+G
+1

8: 240
1 1

19+G

20+ G

a  the precursor and product ions are indicated as

n+mG

z

the charge and m is the number of encapsulated glycine molecules.

b 9 is beyond the mass/charge detection limit of the mass spectrometer.
1

50

, where n is the aggregation number, z is



10004 3
500 -
0 T T T
0 2 4 6 8
17+G 19+G
1000 4 2 10004 3
500 - 500
O T 0 T T
0 2 0 2 4 6 8
15+G 17+G
10004 2 10004 3
—
<
=)
O 500 1 500 -
0 T 0 T T
0 2 0 2 4 6 8
13+G 16+G
1000 { 2 10004 3
500 //.W 500 //
0 T 0 T T T
0 2 0 2 4 6 8
E

Figure 3.7 CID cross sections of mass-selected NaAOT reverse micellar ions encapsulating
Gly, measured at single collision conditions.

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

An understanding of the reverse micelle formation mechanism in the ESI process
provides insights into the interpretation of effects of solution conditions. In conventional
ESI mass spectrometry, the charge state of ions is determined by the charge density at the

droplet surface.3? Initial radius (&) and charge (g) of the droplets produced by electrospray

can be estimated as 2022



R=(V,6/K)" (1)

g =0.7[87(g,7R*)"*] 2)
where ¢ and & 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. Based on these
relationships, droplet radius and charge are predicted to be 0.59 — 0.62 um and 2.1 — 2.2 x
104 for NaAOT (0.5 — 5.0 x 103 M)/water (w0 = 10)/hexane, 0.92 um and 5.4 x 104 for NaAOT
(1.0 x 103 M) in methanol/water, and 0.6 um and 2.8 x 104 for NaAOT (5.0 x 103 M) in
methanol/water. The predicted values of R and g reveal 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 distributions 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. For NaAOT/water/hexane solutions above the CMC, surfactants tend to
form reverse micelle aggregates. When transferred from solution to the gas phase, reverse
micelles may be able to preserve their structures, 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. As a result, 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, and the small size of gas-phase reverse
micelles are tentatively attributed to the fact that surfactants have a low concentration in
the vapor state. Bongiorno et al concluded a similar formation mechanism for
methanol/water solution.® In sum, two approaches were adopted for producing gas-phase

reverse micelles, one utilizes NaAOT/water/hexane micellar solutions, and the other uses
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hexane 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 different
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 stable 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.® However,
based on direct optimization of dry, isolated NaAOT reverse micelles,’> and molecular
dynamics simulations of low wo NaAOT reverse micelles in isooctane,?? 40 most Na* ions
penetrate 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.40
Mulliken charge analysis of AOT anion was performed at the B3LYP/6-31+G(d,p) level of
theory using Gaussian 03.4! 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
AQT.¢ Therefore, from the point of view of electrostatic 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 Figure 3.2b.
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3.3.6 Is water necessary for reverse micelles?

In solution phase, confined, ordered water molecules exist inside the reverse micelle
core.*2%5 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. Loss of water was also found from gas-
phase reverse micelles which incorporate Gly and other amino acid molecules. As
demonstrated in present and previous experiments,b8 losing water does not affect the
stability of gas-phase NaAOT reverse micelles. Theoretical simulations®46 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.3

Loss of water was also observed in gas-phase CTAB reverse micelles*” and was
interpreted in terms of dissociation upon collisions.*® While collision activated dissociation
could be a main reason for water loss, other factors may also contribute such as low
temperature-induced water shedding. 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.*: 50 They found that at a temperature of -30 °C most of the
encapsulated water 1s lost from the core, leaving the micelles nearly dry. The explanation is
that encapsulation of water molecules into NaAOT reverse micelles is a spontaneous
process (i.e. AG = AH - TAS < 0). Since insertion of water in NaAOT reverse micelles is an
endothermic process (unfavorable 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).5052 However, as temperature decreases and water becomes supercooled, enthalpy
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dominates the system and the micelles expel water molecules. Similarly, in ESI
experiments, evaporation of solvent from electrospray droplets results in cooling of reverse
micelles before they enter the capillary and may cause exclusive loss of water. As water
sheds, the size of the reverse micelles naturally decreases, leading to stronger interactions
between Na* ions and sulfonate/carbonyl groups of AOT.

One interesting question would be, how are Gly molecules entrapped in gas-phase
NaAOT reverse micelles? Gly could be randomly attached to the micellar surface, or
entangled with AOT hydrophobic tails. This is further explored and discussed in the next
chapter.

3.4 Conclusions

In this chapter, the formation and characterization of positively multiply charged
NaAOT micelles in the gas phase is presented using our ESI guided-ion beam tandem mass
spectrometer. It was found that, positively charged NaAOT gas-phase micelles tend to
adopt reverse micelle-like structure, with the compositions of [Nan,AOTw]?* with z=1 -5
and n = 2 — 44. The dependence of gas-phase reverse micelle sizes and charges on starting
solutions was observed, which suggested 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 aggregates.

Another most interesting finding from our experiment is that gas-phase NaAQOT reverse
micelles could encapsulate guest molecules, and thus act as nanometer-sized carriers of
biomolecules in the gas phase. The encapsulation and selective transport of amino acid

molecules were further explored and will be discussed in detail in the next chapter.
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Chapter 4
Solubilization of Amino Acids in Gas-Phase NaAOT Reverse

Micelles

4.1 Introduction

In chapter 3, generation and characterization of gas-phase multiply positively charged
NaAOT aggregates were reported. It was found that, gas-phase NaAOT aggregates tended
to adopt a reverse micelle-like structure, with the composition of [[NaAOT).Na,]**. They are
capable of encapsulating up to five glycine molecules in single reverse micelles. CID was
employed to probe the interactions between surfactants and accommodated Gly molecules.
It was concluded that gas-phase NaAOT reverse micelles could act as nanometer-sized
vehicles for transport of non-volatile amino acids from solution to the gas phase. However,
some Interesting questions remained, particularly regarding the driving forces of
incorporation of amino acids into gas-phase reverse micelles.

Driving forces for the uptake of amino acids into NaAOT/water reverse micelles in
apolar solution have been reported in a great deal of work.'!! In sum, hydrophilic amino
acids (both zwitterionic!? and charged forms), are predominately hosted inside the micellar
water pools,” and charged amino acids would lead to its increased solubilization as verified
by pH variation experiments.®10 On the other hand, hydrophobic amino acids!31> are mainly
incorporated in the interfacial surfactant layer via hydrophobic interactions, and
electrostatic interactions may alter partitioning of hydrophobic amino acids between
interfacial zones and water pools. Compared to the solution-phase study, much less is

known about encapsulation of amino acids by gas-phase reverse micelles. Encapsulation
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and transport of amino acids and other biomolecules into gas-phase micelles allow new
inroads for biophysical and bioanalytical research, enabling analysis of their properties
under constrained environments in a vacuum. Therefore, it would be very informative to
investigate and gain some insights into the driving forces for the incorporation of amino
acids into NaAOT reverse micelles in the gas phase.

The work in this chapter is aimed at exploring the solubilization driving forces of
various amino acids in gas-phase NaAOT reverse micelles, as well as how they could be
tuned. Firstly, encapsulation of various amino acids and their model compounds in gas-
phase NaAOT reverse micelles were compared using ESI mass spectrometry. Secondly, site
locations of amino acids of different hydrophobicities and charge states within gas-phase
reverse micelles were determined from CID of amino acid-encapsulating reverse micellar
ions. Finally, different interactions between amino acids and reverse micelles were
employed for selective encapsulation of amino acids by gas-phase reverse micelles.

4.2 Experimental

Instruments and materials Experiments were carried out on our ESI guided-ion-beam
tandem mass spectrometer operated in positive ion mode. Both quadrupole mass filters
operated at 880 kHz to cover the m/z range from 10 to 4,000. 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. The
mass resolving power was adjusted to over 100 to resolve the charge and stoichiometry of
ions without significantly losing ion intensities.

The molar masses, purities, suppliers and storage of chemicals and solvents used in this
experiment are listed in appendix C. All chemicals were used without further purification.

The operating procedure has been described in detail in chapter 3. Here only a list of key
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parameters adopted is given in Table 4.1, emphasizing the unique conditions of this

experiment.

Table 4.1 Key operating parameters of the mass spectrometer in positive ion mode

ESI flow rate 0.04 ml-hr?
ESI bias voltage 3,000 V
Capillary bias voltage 0V
Capillary temperature 150 °C
Skimmer bias voltage 10V

Pressure in hexapole ion guide 10 — 15 mTorr

Table 4.2
amino acids!2

Molecular structures, ionization constants and isoelectric points of various

Amino acid Gl(}gj)ne Aspa(r];i;): acid TryI()\s&ghan Pr(cl))lj)ne Ar(gfi{r:)ine
0 0 0 o NH 0
Structure OH OH QWLOH O)LOH HN ”’\/\Hk(w

NH; OH NHp HN NH2 NH NH;
pKa of a-COOH 2.3 1.9 2.8 2.0 2.2
pKa of o-NHs* 9.6 9.6 9.4 10.6 9.0
pKa of side chain 3.7 12.5
pl 6.1 2.8 5.9 6.3 10.8

a one-letter code for amino acid.

Positively charged micelle solution Table 4.2 lists the structures, ionization constants
(pKa), and isoelectric points (pI) in aqueous solutions for the amino acids under study. ESI
solutions were prepared in methanol/water (1:1 volume ratio) containing 1.0 x 103 M
NaAOT (below the CMC in water, 2.0 x 103 M,6 so that reverse micelles were not formed)
and 0.2 x 103 M amino acid (e.g. tryptophan). The solution was sonicated for 10 minutes
prior to ESI. The pH of the solution was measured using a Thermo Scientific Orion 3-Star

pH meter. As demonstrated below, NaAOT and amino acids were able to form amino acid-

encapsulating reverse micelles via self-assembling in the gas phase between electrospray
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and exposure to the high vacuum of the mass spectrometer.l” 18 CID product ion mass
spectra of mass-selected NaAQOT reverse micellar ions were measured at Feo = 1.0 eV for
doubly charged ions and K = 1.5 eV for triply charged ions. All measurements were
repeated at least three times.
4.3 Results and discussion
4.3.1 Solubilization of neutral and protonated tryptophan in gas-phase reverse micelles
Dependence of amino acid hydrophobicity and charge state on incorporation capacity
into gas-phase reverse micelles In order to examine both hydrophobic effect and
electrostatic effect in gas-phase reverse micelles, neutral and protonated tryptophan was
chosen as guest molecules, based on the fact that tryptophan has the most hydrophobic side
chain (i.e. indole ring) of all amino acids!® but becomes hydrophilic upon protonation. An
mass spectrum obtained from ESI of NaAOT (1.0 x 103 M) and tryptophan (0.2 x 103 M) in
methanol/water is shown in Figure 4.1a. For the sake of clarity, the m/z range below 1500 is
not shown, but no encapsulation of tryptophan was observed at that range. It was found
that, within the instrument detection range, the dominant peaks belong to empty reverse
micelles with the compositions of [(NaAOT).Na,]**. Assignments of mass peaks of empty
reverse micelles are based on the micellar aggregation numbers (1) and charges (2), and the
labels for the same charge states are grouped together. For convenience, in the following
discussion the empty reverse micelles are indicated as n/z. The pH of the ESI solution was
measured at 6.1, which is close to the tryptophan isoelectric point (pI) of 5.9 reported in an
aqueous solution. However, it can be expected that pH may increase dramatically in the
electrospray droplets due to the nature of positive mode ESI processes. In addition, there
may exist difficulties in ionizing the -COOH group of tryptophan, due to its proximity to

AOT anionic head groups.’® As a result, protonated tryptophan (henceforth designated as
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WH) was incorporated into reverse micelles and detected in the mass spectrum with the
compositions of [(NaAOT)uNa, mWHmn]#*. These are indicated in shaded areas and labeled (n
+ mWH)/. Solubilization of protonated tryptophan can be viewed as an ion-exchange
process between positively charged WH and Na* ions.8 19 To investigate the hydrophobic
effect of the tryptophan indole group, the ESI solution pH was adjusted to 7.9 by adding
NaOH to a concentration of 0.2 x 103 M in methanol/water. With these conditions, only
neutral tryptophan (hereafter designated as W) was carried into gas-phase reverse micelles
by ESI, with the compositions of [(NaAOT).Na,Wwnl#*. W-encapsulating reverse micelles are

indicated in shaded areas in Figure 4.1b, and labeled (n+ mW)/z.

n=7 8 9 10 11

n=1011 12 13 14 15 16 17
T T T T T T T

16+WH
n+ mWH_ 15t2WH S50
z = 14+WH 2

[(NaAOT),Na, WH_ " ; EN R

11+WH
2

17+ Wi

42

n+mwW_ 19+

z - 11+W 3
[(NaAOT) Na,W _T** b C

3
b)
T T T T T T T T T T T T T T T T T T T T T T T T
1500 2000 2500 3000 3500 4000
m/z

Figure 4.1 ESI mass spectra of NaAOT reverse micellar ions containing a) protonated tryptophan
(WH) and b) neutral tryptophan ().
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Figures 4.1a and 4.1b show a strong correlation between size and incorporation
capability of gas-phase reverse micelles. For doubly charged reverse micelles, incorporation
of protonated tryptophan starts from aggregation number n =9, and micelles of n > 10 can
entrap two protonated tryptophan molecules. Triply charged reverse micelles start
incorporating tryptophan at n = 11, and micelles of n > 14 can entrap two protonated

tryptophan molecules. Assuming a spherical reverse micelle-like geometry for NaAOT

aggregates, its core diameter D is roughly equal to \/nx 4, , /7 where Aneaa is the area

occupied by each AOT polar head at the interface (0.52nm?2).6-20.21 D is calculated to be 1.2,
1.3, 1.4, and 1.6 nm for n =9, 10, 11and 14, respectively. The orientation-averaged size of a
protonated tryptophan molecule is 0.5 — 0.6 nm. Taking into account the volume occupied
by counter ions, Na*, the number of encapsulated protonated tryptophan molecules roughly
matches the reverse micellar core size. For comparison, incorporation of neutral tryptophan
starts from n = 10 for doubly charged micelles, and n = 14 for triply charged micelles,
respectively. Incorporation of more than one neutral tryptophan molecule in single micelles
was not observed in Figure 4.1b. For both protonated and neutral tryptophan, the starting
aggregation numbers for incorporation remained constant when the initial tryptophan-
loading ratio to NaAOT, [tryptophan]/[NaAOT], varied from 10:1 to 10:3 in ESI solutions.
These observations deviate from expectations if random associations are assumed between
amino acids and surfactants. Similar results were obtained using protonated and neutral
tyrosine as guest molecules for gas-phase NaAOT reverse micelles (mass spectra not
shown), where the incorporation of protonated and neutral tyrosine both starts from n =8
for doubly charged reverse micelles, and n = 11 for triply charged reverse micelles,

respectively.
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The fact that neutral hydrophobic amino acids (tryptophan and tyrosine) can be
incorporated into gas-phase reverse micelles does not necessarily confirm that the
hydrophobic effect is the major driving force for solubilization, since neutral amino acids
most likely exist in zwitterionic forms and maintain some solute-surfactant electrostatic
interactions. With this in mind, control experiments were performed using methanol/water
solutions of NaAOT with various probe molecules, including phenol, B-naphthol and
phloretic acid. Phenol and B-naphthol were used as probe molecules because they resemble
the uncharged polar side chains of tryptophan and tyrosine, and can reside at the interface
of NaAOT reverse micelles in apolar solvents (e.g. n-heptane and isooctane) as co-
surfactants, with their hydroxyl groups hydrogen-bonded to AOT polar heads and aromatic
rings penetrating between AOT hydrocarbon tails.!9 20.22.23 Phloretic acid was chosen since
it is actually a tyrosine analogue with only the amino group is absent from the tyrosine
structure. ESI mass spectra of the solutions containing NaAOT and each of the three probe
molecules were measured, respectively, following the same procedures used for
NaAOT/amino acids. Their solution pH was not adjusted intentionally, i.e., pH 6.5 for
NaAOT (1.0x 103 M)/phenol (0.2 x 103 M) and NaAOT(1.0 x 103 M)/B-naphthol (0.2x 103
M) in methanol/water, and pH 4.8 for NaAOT (1.0 x 103 M)/phloretic acid (0.2 x 103 M) in
methanol/water. Surprisingly, none of the three probe molecules were observed within gas-
phase NaAOQT reverse micelles. It may be argued that phenol and B-naphthol could not
effectively incorporate onto the micellar interface during self-assembling of NaAOT reverse
micelles in the gas phase. For this reason, ESI mass spectra of NaAOT (5.0 x 10 M)/water
(5.0 x 102 M)/hexane reverse micellar solutions containing 1x 103 M phenol and B-naphthol
were also measured, respectively. The NaAOT concentration used is above its CMC in
hexanel® to ensure the formation of NaAOT and water reverse micelles in hexane as well as
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adsorption of phenol or B-naphthol at the water pool interface. Again, neither phenol nor B-
naphthol was detected in the ESI mass spectra. Obviously, the hydrophobic effect and
hydrogen bonding are not strong enough to incorporate phenol and B-naphthol onto the
surface of gas-phase reverse micelles. From the fact that phloretic acid could not be
incorporated, it can be inferred that the carboxylic acid group alone (without the amino
group in the molecule) does not help achieve a great enough driving force for incorporation
of the molecule into gas-phase reverse micelles, either. Consequently, neutral zwitterionic
tryptophan (and tyrosine) must have the charged -NHs* group strongly interact with AOT
sulfonic group. It is the combination of hydrophobic and electrostatic interactions that
allows incorporation of neutral tryptophan (and tyrosine) into gas-phase reverse micelles.

It would be interesting to compare incorporation of protonated and neutral amino acids

qualitatively. For this purpose, relative incorporation efficiencies defined as

_ I([((NaAOT),Na, WHI™") (1)
" I([NaAOT),Na.T*)
and
_ I([(NaAOT),Na W' ]") 2

I([NaAOT), Na_ ")

were  calculated, where I([((NaAOT)nNa,1WH]#), I([((NaAOT)nNa,W]z) and
I([(NaAOT)nNa,]**) represent measured ion intensities of WH-, W-encapsulating, and empty
host reverse micellar ions, respectively. To avoid complication of mass coincidence of
selected host micellar ions with other charge states, [(NaAOT)nNa.l** of 13/2, 15/2, 17/2,
14/3, 16/3, 17/3 and 20/3 were chosen as host micellar ions for analysis. NaAOT reverse
micellar ions can each encapsulate more than one WH molecule; however, the contributions
of multiple encapsulations of WH were not included when calculating incorporation

efficiencies Ewrn. This omission was deliberate, since reverse micellar ions can only take one
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W molecule each. For direct comparison of incorporation efficiencies for WH and W, the

results focused on encapsulation of single molecules in both cases. The calculation results

are listed in Table 4.3, and were averaged over three sets of mass spectra. For comparison,

the incorporation efficiencies Eom and Eg (i.e., efficiencies of incorporating one protonated

glycine and one neutral glycine in NaAOT reverse micellar ions, respectively), calculated

from our previous experimental data!8 has been included in Table 4.3. These calculations

give very rough estimates, but are sufficient to reveal general trends. Clearly, protonation

dramatically increases the incorporation efficiencies of tryptophan for all reverse micelles,

but has little effect on incorporation efficiencies of glycine.

Table 4.3 Incorporation efficiencies of protonated (WH) and neutral (W) tryptophan, and
protonated (GH) and neutral (G) glycine in gas-phase NaAOT reverse micellar ions

Host reverse

micellar ions @ Ewn Ew Ewnl Ew Een Fe Eeul Fg
g 111 0.34 3.3 0.82 0.60 1.4
135 1.03 0.62 1.7 0.78 0.90 0.9
1—27 1.09 0.70 1.6 1.30 1.50 0.9
% 1.06 0.20 5.3 0.65 0.50 1.3
? 1.04 0.40 2.6 0.83 0.71 1.2
1—37 1.25 0.67 1.9 1.00 0.94 1.1
? 1.42 1.10 1.3 1.25 1.20 1.0

a  Host reverse micellar ions are indicated as —, where n is the aggregation number, and z is the

total charge.

z

The differences between Ewx and Ew, and between FEem and Eg, arise from the extra

electrostatic interactions between protonated amino acids and anionic AOT polar heads. It

was found that, on average, this extra electrostatic effect improves incorporation
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efficiencies of tryptophan by a factor of 2 — 3. Note that the enhancement ratio of Ewn/Ew
decreases rapidly with increasing micellar size, and approaches a minimum for reverse
micelles of 20/3. This is simply due to the fact that large micelles can hold more WH
molecules. For glycine, there is no hydrophobic contribution and an attractive electrostatic
potential is needed for solubilization of this amino acid in reverse micelles. Therefore, a
large increase in incorporation was expected when glycine becomes protonated. However,
there is no dramatic difference between Fer and Eg Only a slight enhancement of Fern/Ec
was observed upon protonation of glycine (except for micelles of 15/2 and 17/2, where
protonation causes a minor decrease In the uptake of single amino acids, presumably
because the fraction of reverse micelles containing more than one glycine molecule
increases upon protonation of glycine). The observed small differences between E¢ and Eoun
were tentatively attributed to the fact that neutral zwitterionic glycine structure could
interact with sodium ions and AOT polar heads inside the micellar cavity and becomes
stabilized by these electrostatic interactions. It is also worth noting that, in the gas phase
the glycine-Na* binding energy is 1.7 eV,2% 25 and proton affinity of glycine (9.2 eV).26
However, the gas-phase affinity values seem have very little connection with the expected
behavior in condensed phase or in gas-phase reverse micelles.

Solubilization sites of hydrophilic and hydrophobic amino acids Figure 4.2 shows the
CID product ion mass spectra of WH-encapsulating reverse micellar ions, measured at Fol
= 1.0 eV for doubly charged precursor ions and 1.5 eV for triply charged precursor ions. To
map out all dissociation product ions within the instrumental m/z detection limit, CID mass
spectra were obtained at a relatively high Xe pressure (0.15 mTorr) in the scattering cell.
Because of multiple collisions between precursor ions and Xe at this gas pressure, and

because primary fragment ions may continue to undergo collisions that cause them to
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fragment, the relative intensities of product ions in CID mass spectra do not reflect CID
branching ratios. However, all product ions were observed at a Xe pressure of 0.01-0.013
mTorr, where the probability of multiple collisions is < 4%. CID of multiply charged reverse
micellar ions results in numerous dissociation channels and product ions of varying mass
and charge, and some product ions may possess m/z that is beyond the instrument detection
limit. In addition, because of mass coincidence among different charged states, some ion
peaks may actually be attributed to more than one product ion mass. For example, m/z of
3131 may represent micelles of three overlapping charge states 771, 14/2, and 21/3. In

Figure 4.2, alternative assignments for some product ions are indicated in parentheses.
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Figure 4.2 CID mass spectra of mass-selected micellar ions containing protonated
tryptophan (WH). Spectra were measured at £l = 1.0 eV for doubly charged precursor ions
and Feot = 1.5 eV for triply charged precursor ions, with 0.15 mTorr Xe in the scattering cell.
Asterisks indicate precursor ions, and labels in parentheses are alternative assignments for
product ions. Inserted cartoon illustrates encapsulation of WH within the gas-phase reverse
micellar core.
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Table 4.4 summarizes dissociation channels for selected WH-encapsulating reverse
micellar 1ions. For most dissociation channels, both complementary product ions produced
from a dissociation leading to two charged products were observed in mass spectra. For
comparison, the CID results of corresponding neutral Gly-encapsulating NaAOT reverse
micellar ions have also been included in Table 4.4, along with empty reverse micellar ions
obtained from the previous study'® discussed in previous chapter. Because glycine and
protonated tryptophan are both hydrophilic, similarities would be expected in dissociation

of reverse micelles containing these two amino acids.

Table 4.4 CID products of empty and amino acid-encapsulating NaAOT micellar ions

WH- . o Gly- ) o Empty Dissociation
) Dissociation ) Dissociation ) )
encapsulating encapsulating micellar ions P |channels
) ) channels ) ) channels
micellar ions 2 micellar ions P
15+WH 14+WH 15+G B, . |15 o6
2 2 2 2 1 1
8 7
E+1+WH i+1+ G —+—
2 2 1 1
1 WH ¢
7+ £+WH 17+G 16+G+1 17 1° 6
2 2 2 2 2 1 1
16+WH+1 2C+§+G QC_{_Z
2 1 1 1 1
18 ewn 9° 8
; T
> + 8 +WH
1 1
15+ WH 14+WH l
3 3
14 +1+WH
3
10 + Bl +WH
2
2+§+WH
2 1
u + 4 +WH
2 1
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21+ WH 20+WH

3 3

E+§+WH
2 1

+1

15+WH 6
+7

2 1

1—5+§+WH
2 1

E+Z+WH
2 1
13+WH 8
+7
2 1
E+§+WH
2 1
12+WH 9°
]

E+2 +WH
2 1

n+mWH

z

a Precursor and product ions are indicated as for those containing protonated tryptophan

(WH), n+mG for those containing glycine (G), and % for empty micelles, where n is the
z z

aggregation number, zis the total charge, and m is the number of encapsulated amino acids.
b From ref. 18
¢ Beyond the m/z detection limit of the mass spectrometer.

As demonstrated in Figure 4.2 and Table 4.4, dissociation of reverse micellar ions
showed a strong dependence on their charge state and encapsulation. CID of doubly
charged empty NaAOT reverse micellar ions exclusively produced singly charged fragment
ions, while CID of triply charged empty NaAOT reverse micellar ions resulted in singly,
doubly and triply charged ions.'® Occupied reverse micellar ions had distinct dissociation
channels from empty ones, producing large product ions, some of which still encapsulate
amino acids. This suggested that amino acid encapsulation improved the overall stability of
reverse micellar structures. It is worth noting that, all listed pairs of WH- and Gly-
encapsulating reverse micellar ions, (15+WH)/2 and (15+G)/2, (17+WH)/2 and (17+G)/2,
(17+WH)/3 and (17+G)/3, and (20+WH)/3 and (20+G)/3, exhibited similar dissociation

patterns. In Figure 4.1a (i.e. a mass spectrum of WH-encapsulating micellar ions) a strong
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correlation was observed between the encapsulation capability and the size of micellar ions.
Similar behavior was also observed in CID mass spectra of WH-encapsulating reverse
micelles. The smallest stripped micellar ions still capable of hosting protonated tryptophan
were 11/2.

In chapter 3, CID cross sections were measured for mass-selected empty and Gly-
encapsulating precursor reverse micellar ions. It was found that CID cross sections were
approaching the hard-sphere collision limits at high collision energies (assuming spherical
geometries for reverse micellar ions). The cross sections provided a measure of the lowest
limit of the average micelle size. Measurements of CID cross sections were also attempted
at various collision energies for this system. Unfortunately, the low intensities of selected
WH-encapsulating precursor ions made it exceedingly difficult to achieve good signal-to-
noise ratios for measurements at a Xe pressure of 0.01 mTorr (which was required to
ensure a single-collision condition between micellar ions and Xe). Note that, CID cross
sections generally increase with increasing Ao and the maximum CID cross sections of
WH-encapsulating reverse micellar ions seem close to those of corresponding Gly-
encapsulating reverse micellar ions. The resemblance between CID products and cross
sections of WH- and Gly-encapsulating reverse micellar ions were so striking that they
made clear the conclusion that protonated tryptophan was encapsulated inside the micellar
core and attracted to AOT head groups near the interface. This is similar to the site location
of protonated tryptophan in NaAOT and water reverse micelles immersed in apolar media
such as n-heptane and dichloroethane,” ' and is consistent with the molecular dynamics
simulated solute location of positively charged chromophore in NaAOT reverse micelles.27

CID of mass-selected reverse micellar ions containing neutral tryptophan, W, as

depicted in Figure 4.3, revealed different dissociation patterns than those containing WH
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and glycine. Dissociation of W-encapsulating reverse micellar ions corresponded to
stripping of W (and only W moiety) off reverse micelles. Such CID results provided direct
evidence of the incorporation site location of neutral tryptophan. In other words, neutral
tryptophan must adsorb to the micellar surface due to its hydrophobic nature. This scenario
raised two possibilities. Neutral tryptophan could either penetrate into the surfactant polar
head layer as a co-surfactant,? or randomly tether to and/or embed in AOT hydrophobic
tails following the principle of "like dissolves like”. The second possibility may be
discounted for several reasons. First, if random associations were assumed between
tryptophan and AOT, associations between tryptophan and small NaAOT aggregates would
have been observed. In fact, NaAOT reverse micelles demonstrated strong size dependence
for incorporation of neutral tryptophan. Incorporation of tryptophan started from reverse
micelles with aggregation number > 10. Secondly, as described above, polar hydrophobic
molecules such as phenol and B-naphthol could not be carried by gas-phase NaAOT reverse
micelles at all, suggesting that the hydrophobic effect (of the tryptophan indole group) was
unable to allow the micellar assembly of NaAOT and neutral tryptophan survive in the gas
phase. Thirdly, the control experiment using the tyrosine model molecule, phloretic acid,
confirmed that, in the absence of an amino group, the carboxylic acid group did not help
satisfy the forces for incorporation of amino acid. All these facts led to the conclusion that
neutral tryptophan must have intercalated in the surfactant interfacial layer, acting as a
co-surfactant based on a "surface-monolayer” model where the solute was adsorbed into the
interface.r* The driving forces for incorporation had contributions from the hydrophobic
effect of the indole group with AOT branched alkyl tails; and more importantly, from the
electrostatic interactions between the zwitterionic backbone *HsN-C*-COO" and the anionic

AOQOT sulfonic polar head.!® Repulsion between the zwitterion carboxylate group and the
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AOT anionic polar head may exist, but this could be compensated by the attraction between
the carboxylate group and the Nat* ions located near the interface head region. The
proposed incorporation mechanism for neutral tryptophan explains the reverse micelle size
dependence of tryptophan incorporation capacity (see Figure 4.1b). Small reverse micelles
(i.e., n < 10 for doubly charged micelles) had large curvatures, and consequently, could not
provide enough interfacial area (near head regions) for incorporation of guest tryptophan
molecule. For triply charged micelles, the extra Na* made the micelle more rigid and

increased the curvature, so incorporation of neutral did not occur for n < 14.
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Figure 4.3 CID mass spectra of mass-selected micellar ions containing neutral tryptophan
(W). Spectra were measured at %o = 1.0 eV for doubly charged precursor ions and el = 1.5
eV for triply charged precursor ions, with 0.15 mTorr Xe in the scattering cell. Asterisks
indicate precursor ions. Inserted cartoon illustrates interfacial incorporation of Wby gas-
phase reverse micelles.
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Note that the possibility could not be ruled out that protonated tryptophan could
partition between the reverse micellar inner core and the reverse micelle interfacial region.
However, based on the comparison of CID mass spectra of WH- and W-encapsulating
reverse micellar ions, protonated tryptophan predominantly partitioned inside the core and
its interfacial solubilization was negligible. Different site locations of protonated and
neutral tryptophan also explained the observations in Figures 4.1a and 4.1b that large
reverse micelles had a higher capability of encapsulating WH inside the core than
incorporating W outside — this was because the micellar core volume (=(nXAhead)?2/6712,
where Anead is AOT polar head area as defined above) increases faster with the aggregation
number n than the micellar interface area (=nXAnead).

4.3.2 Selective encapsulation of various amino acids by gas-phase reverse micelles

Aspartic acid versus tryptophan  Dependence of site localization of tryptophan on the
pH of the ESI solution provided insight into the driving forces for gas-phase reverse
micellar solubilization. It demonstrated that different experimental parameters may be
used to control and manipulate the interactions between amino acid and NaAOT
surfactants, and therefore the incorporation site of the same amino acid within reverse
micelles. It may also make selective incorporation of amino acids of different charge states
possible. To investigate this possibility, experiments were carried out in the presence of two
amino acids. First, aspartic acid and tryptophan were chosen on the basis of their pl values.
Aspartic acid is hydrophilic and has two carboxylic acid groups, with p&a1 1.9, pKae 3.7, pKas
9.6, and pI 2.8 (lower than tryptophan plI 5.9 by 3.1 units). Shown in Figure 4.4 is the mass
spectrum of an ESI solution containing NaAOT (1.0 x 103 M) and aspartic acid (0.1 x 103
M) in methanol/water with pH 4.6. As illustrated in this figure, gas-phase reverse micelles

were occupied by protonated aspartic acid (henceforth designated as DH). No neutral
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aspartic acid was observed; presumably because of the change of pH in the spraying
droplets and of pKa and pl of aspartic acid in reverse micelles.0 19 However, all ion peaks
associated with encapsulation of protonated aspartic acid disappeared after the addition of
0.1 x 103 M tryptophan to the ESI solution (pH changed to 5.1). Instead, a mass spectrum
similar to Figure 4.1a was obtained, where only protonated tryptophan was encapsulated.

In other words, gas-phase reverse micelles exclusively selected protonated tryptophan.
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Figure 4.4 ESI mass spectrum of gas-phase NaAOT reverse micellar ions containing
protonated aspartic acid (DH).

Arginine versus tryptophan Arginine and tryptophan were compared in a similar
fashion. Arginine has two amino groups, with p&a1 2.2, pKae 9.0, pKas 12.5, and pl 10.8. As
presented in Figure 4.5, the mass spectrum of NaAOT (1.0 x 103 M), arginine (0.1 x 103 M)
and tryptophan (0.1 x 103 M) in methanol/water (pH 7.5) only showed encapsulation of
protonated arginine (designated as RH) in gas-phase reverse micelles. Observations of
protonated tryptophan from a mixture of aspartic acid and tryptophan, and of protonated

arginine from a mixture of arginine and tryptophan, as shown in Figures 4.4 and 4.5,
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respectively, indicated that different amino acids competed for protons in solutions and/or
during ESI. The amino acid with a higher pl was more likely protonated, and the
corresponding protonated species had a greater chance for encapsulation within the
micellar core through electrostatic interactions with AOT anionic polar heads.
Consequently, the preference for encapsulation within the micellar core increased in
ascending order of amino acid pl values, i.e., aspartic acid (pI 2.8) < tryptophan (5.9) <
arginine (10.8). This interpretation is supported by another experiment in which
tryptophan and proline were compared. It was found that gas-phase reverse micelles
showed less discrimination between tryptophan (pI 5.9) and proline (pI 6.3) than between
tryptophan and arginine. It should also be noted that pl values of these amino acids are
adopted from their aqueous solutions, and are used here only as a guide to predict amino

acid responsiveness in the gas phase and in micellar environments.
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Figure 4.5 ESI mass spectrum of an ESI solution containing NaAOT (1.0 x 103 M),
arginine (0.1 x 103 M), and tryptophan (0.1 x 103 M) in methanol/water (1:1 volume ratio).
Only protonated arginine (RH) was encapsulated into gas-phase reverse micelles. No
tryptophan was detected.
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This interpretation did not completely explain the selective encapsulation of different
amino acids by reverse micelles. For example, the methanol/water solution of NaAOT (1.0 x
103 M), arginine (0.1 x 103 M) and tryptophan (0.1 x 103 M) has a similar pH (7.5) to that
of NaAOT (1.0 x 103 M) and tryptophan (0.2 x 103 M) (pH 7.9). Considering the latter
solution was used for obtaining neutral tryptophan-encapsulating reverse micellar ions in
Figure 4.1b, some neutral tryptophan-entrapped reverse micellar ions would have been
expected from the NaAOT/arginine + tryptophan solution as well. However, no significant
amount of tryptophan was detected in Figure 4.5. This could be rationalized by two possible
reasons. First, the spraying droplets may have a greater fraction of protonated arginine
than that of neutral tryptophan, resulting in most reverse micelles being occupied by
protonated arginine instead of neutral tryptophan. Second, protonated arginine established
strong electrostatic interactions with AOT polar heads at the interface, which pulled the
AOT head groups together and increased the curvature and rigidity of the micelle interface,
leading to expulsion of neutral tryptophan from the curved surfactant-head region (.e. a
squeezing-out effect’> 3). The strong electrostatic interactions also inhibited change in
micellar shape, a change required to accommodate neutral tryptophan at the curved
interfacial region.!! Consequently, protonated arginine acted as a stripping agent and
neutral tryptophan molecules could no longer be incorporated in its presence. A similar
phenomenon occurred in the presence of protonated tryptophan and neutral aspartic acid.
This indicated that electrostatic associations between AQOT anionic polar heads and
positively charged amino acids were more important than other factors for controlling
amino acid solubilization in gas-phase reverse micelles. Note that selective extraction of

different amino acids had been reported for NaAOT reverse micelles in supercritical fluids®
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and in isooctane,?® but none of those experiments showed exclusive extraction with a high
selectivity as presented in our gas-phase system.
4.4 Conclusions

In this chapter, encapsulation of various hydrophilic and hydrophobic amino acids in
gas-phase NaAOT reverse micelles was studied and their mechanisms were elucidated.
Electrostatic and hydrophobic effects on the solubilization of amino acids were evaluated in
the experiment. It was found that, hydrophilic amino acids were encapsulated inside
micellar cavities via electrostatic interactions. Neutral tryptophan, on the other hand,
intercalated in the interfacial region and acted as a co-surfactant. These phenomena could
be expected from the hydrophobicities of amino acids as determined from their partitioning
between a hydrophobic environment and aqueous solution.'3 1% Solubilization of hydrophobic
tryptophan required forces contributed from both the hydrophobic effect of amino acid side
chain and the electrostatic interactions between amino acid backbone —HsN*-C*-COO" and
NaAQOT. Protonation of tryptophan could significantly improve its incorporation efficiency
in gas-phase reverse micelles, and displaced its site locations from the interfacial region to
the micellar core. In contrast, protonation of glycine had little effect on its encapsulation in
gas-phase reverse micelles. Encapsulation of protonated amino acids made the micellar
structure more rigid and stable,!! and inhibited further incorporation of neutral amino
acids at the interfacial region. This explained the experimental observations that gas-phase
reverse micelles showed preferential encapsulation of tryptophan over aspartic acid and of
arginine over tryptophan, consistent with the order of their isoelectric points Q.e.
protonation capabilities) in aqueous solutions.

This study also demonstrates that, compared to the hydrophobic effect, electrostatic

Iinteractions were much stronger for driving solubilization of amino acids in gas-phase
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reverse micelles. The most interesting finding is that, gas-phase reverse micelles were able
to act as nanometer-sized vehicles for selective transport of hydrophilic and hydrophobic
amino acids into the gas phase. This may lead to potential applications of reverse micelles
in gas-phase separation and mass analysis of neutral and charged amino acids. It also
provided insight on the dynamics of amino acid transport in atmospheric reverse micelle

aerosols.
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Chapter 5

Effects of Negative Charge State on Gas-Phase NaAQOT

Micellar Structures and Encapsulation Properties

5.1 Introduction

NaAOT is soluble in various solvents with the ability to assemble into direct or reverse
micelles. In nonpolar medial 2 or super critical fluids,? reverse micellar assemblies emerge
with AOT polar heads oriented around an central core and hydrophobic chains directed
outward. The size of reverse micelle grows by absorbing water molecules into the inner
core,* and the system 1s described as "water-in-oil” micro-emulsion in the presence of a
large water content. By contrast, when dissolved in polar solvents above its critical micellar
concentration (CMC), NaAOT surfactants form direct micelles by hydrophobic effects, with
their hydrophobic tails constituting an apolar center and hydrophilic polar heads in contact
with surrounding solvent molecules, 5 6 referred to as direct or "oil-in-water” micelles. An
interesting question is whether direct and reverse micellar structures could evolve via self-
assembling of NaAOT in the gas phase.

Chapters 3 and 4 reported the formation and characterization of multiply positively
charged NaAOT aggregates in the gas phase using our ESI mass spectrometry’, along with
the determination of driving forces for amino acid solubilization. It was found that
positively charged NaAOT gas-phase micelles tend to adopt reverse micelle-like structure,
with the compositions of [Nan+zAOTx]#* and could accommodate various guest molecules.
Hydrophilic amino acids were encapsulated inside micellar cavities via electrostatic

interactions, while solubilization of hydrophobic amino acids required combination of forces
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from both hydrophobic and electrostatic effects. In addition, gas-phase reverse micelles
were able to act as nanometer-sized vehicles for selective transport of hydrophilic and
hydrophobic amino acids in the gas phase.

In this chapter, multiply negatively charged NaAOT micelles in the gas phase was
studied, attempting to illuminate the charge state effects on gas-phase micellar structure as
well as micellar incorporation capability towards amino acids. Our mass spectrometry was
employed to examine the stoichiometry, incorporation and dissociation of negatively
charged aggregates. The results led to taking into consideration the possibility of a direct
micelle-like structure for negatively charged gas-phase NaAOT aggregates.

5.2 Experimental

Instruments and materials In the present study, the experiments were carried out on
our guided-ion beam tandem mass spectrometer as described in previous chapters, except
that the apparatus was operated in negative ion mode. Both quadrupole mass filters were
operated at 880 kHz to cover a m/z range from 10 to 4,000. The mass resolving power was
adjusted to over 100 to resolve the charge and stoichiometry of ions without significantly
losing ion intensities.

The molar masses, purities, suppliers and storage of chemicals and solvents used in this
experiment are listed in appendix C. All chemicals were used without further purification.
The operating procedure has been described in detail in chapter 3. Here only a list of key
parameters adopted in this experiment is given in Table 5.1.

Negatively charged micelles NaAOT solutions were prepared in methanol/water (1:1
volume ratio) with NaAOT concentration varying from 1.0 x 103 to 15 x 103 M. In addition,
2.0 x 103 M Gly or Trp was added to NaAOT solution of 10 x 103 M in methanol/water to

make amino acid-containing NaAQOT solutions. To assist deprotonation of Trp, 10 x 103 M
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NaOH was added to the NaAOT/Trp solution, achieving a solution pH of 11.74. All solutions

were sonicated for 10 min to help desolvation and degassing before ESI.

Table 5.1 Key operating parameters of the mass spectrometer in negative ion mode®

ESI flow rate 0.03 or 0.04 ml*hr!
ESI bias voltage -1,900 —-2,400 V
Capillary bias voltage -200 V

Capillary temperature 150 °C

Skimmer bias voltage 25V

Pressure in hexapole ion guide 15 - 24 mTorr

CID was measured for both empty and amino acid-containing micellar aggregates.
Given the large m/z ratios of heavy ions to light neutral gas in this experiment, F.; was
varied modestly from 0.5 to 2.0 eV for CID experiments, and similar fragmentation patterns
of selected precursor aggregate ions were observed. CID product ion mass spectra of mass-
selected negatively charged NaAOT aggregates were measured at Fws = 1.0 eV so that the
results can be directly compared with those of positively charged aggregates obtained at the
same Ko, to better understand the effects of charge state on micellar structures and
encapsulation properties. Due to low product ion intensities, the cell pressure was set at 0.3
mTorr to achieve a good signal-to-noise ratio. However, precursor aggregate ions and
product ions underwent multiple collisions at this pressure, making it impossible to
determine cross section for each dissociation channel.

5.3 Results and discussion
5.3.1 Formation of multiply negatively charged NaAOT aggregates

In order to investigate the effects of ESI solution conditions on the size, charge and

intensity distributions of gas-phase NaAOT aggregates, mass spectra were measured for a

series of solutions with NaAOT concentration varying from 1.0 x 103 (below CMC of 2.5 x
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103 M in aqueous solution®) to 15 x 103 M. Despite a wide variation in solution
concentration, the abundance profiles of negatively charged gas-phase aggregates were
nearly identical under all conditions, except that the absolute intensities of all aggregates
increased significantly when a high concentration was used. When NaAQOT concentration
exceeded 15 x 103 M, a progressively growing background started to become significant; in
the meantime, the absolute intensities of major peaks remained the same. Based on the
quality of spectra, 10 x 103 M was chosen as the optimal concentration for all the rest

experiments. The mass spectrum obtained at this concentration is demonstrated in Figure

5.1a.
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Figure 5.1 Negative ESI mass spectra of a methanol/water solution of 10 x 103 M
NaAOT. Voltages applied to the capillary and the skimmer are a) -200 V and -25 V, and b) -
300 V and -58 V, respectively. The features noted with “*’ are due to fragmentation clusters,
as explained in the text.
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It is worth to mention that a similar phenomenon was observed concerning ESI solution
conditions in my previous study of positively charged NaAOT aggregates in the gas phase’.
As discussed in chapter 3, NaAOT concentration in methanol/water was varied from 0.7 x
103 to 5.0 x 103 M to bracket the CMC. No difference was found in the size and charge
distributions of resulting [Nan+.AOTu]?* aggregates, no matter whether or not the solution
concentration was above the CMC. Hence, in both positive and negative ion modes, NaAOT
concentration did not affect the evolution of gas-phase aggregates. It follows that, ESI mass
spectra did not mirror NaAOT aggregation states in solution? instead, aggregation of
NaAOT took place between ESI and exposure to the high vacuum of the mass spectrometer.

The mass peaks observed in Figure 5.1a could be attributed to the compositions of [Nan-
AOTu]” with the aggregation number n = 1 — 18 and negative charge z = 1 — 2. The
progressions of the same charge numbers were grouped together in the figure, and
aggregates were indicated as n/z for convenience in the following discussion. Each
aggregate lacked 1 — 2 Na* counterions, which accounted for its overall charge number.
Singly charged aggregates started with monomer AOT", while doubly charged aggregates
emerged from the aggregation number of 9. Relative abundance of singly charged
aggregates (after subtracting the share of doubly charged species at the same m/z position)
increased gradually till the maximum at 4/1, and then decreased. Doubly charged species
exhibited a similar profile of ion intensity vs. aggregation number with a maximum
intensity at 13/2; however, doubly charged species bore much higher intensities than
neighboring singly charged ones. The actual maximum aggregation number for charged
aggregates could be larger, since the largest detected aggregation number for each

progression (Z.e. 9 for z= 1 and 18 for z= 2) had approached the m/z detection limit of mass
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filters. However, "undetected” large aggregates would be less likely to have high abundance
based on the ion intensity profiles depicted in Figure 5.1a.

It is noteworthy that NaAOT aggregates could only hold at most two extra charges in
negative ion mode, much less than the extra charges they were able to carry in positive ion
mode, 7.e., z=1— 5 for [NanzAOTxn]#*". This may imply a different way in which coulombic
repulsion affects the stability of negatively charged aggregates compared to their positively
charged analogues, which in turn limits the size of aggregates in negative ion mode.

In addition, negative ESI mass spectra of NaAOT aggregates showed some differences
than those reported by Bongiorno et al!'® and Giorgi et alll. Although solutions were
prepared in a similar manner, their negative ESI mass spectra corresponded to only
monocharged [Nan1AOTx], which paralleled monocharged [Nan+1AOTul* in their positive
ESI mass spectra. Multiply charged species had been detected in both positive? (as
discussed in previous chapters) and negative ion modes. The mass spectra in this study
showed that, 4/1 exhibited the highest abundance among negatively monocharged species;
while in their mass spectra the monomer 1/1 was the most intense peak followed by the
dimer 2/1. These discrepancies were most likely related to the differences in ESI and
instrument conditions which were factored into the interactions of gas-phase surfactants
and hence the distributions of gas-phase aggregates’. For these reasons, all experimental
date were collected under nearly identical conditions, unless specified otherwise.

5.3.2 Solvation of small negatively monocharged NaAOT aggregates

In the present study, solvent molecules were mostly excluded in negatively charged
aggregates, similar to their positively charged analogues described in chapter 3, yielding
"dry” [Nan-AOTxl#, as demonstrated in Figure 5.1a. This provided further evidence that

surfactant-surfactant interactions were an overwhelming driving force for self-assembling
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of NaAOT in the gas phase!2. Solvent molecules were not necessary for building a large gas-
phase aggregate architecture’, neither were they required for entrapping guest molecules
(vide infra). In fact, while solvation of small gas-phase AOT-divalent metal ion clusters has
been recently detected!, such as solvated monomeric aggregates [MgAOT(CHsOH)sl*,
[MgAOT(CH30H)H:0]* and [CaAOT(CH3OH)]* and dimeric aggregate [NiAOT2(CHsOH)]*,
solvated NaAOT aggregates has not been reported yet.

The experiment revealed that, among instrument operating parameters, the capillary-
skimmer potential was most critical for the intensity and size distributions of aggregate
ions. Therefore a control experiment was carried out under the same condition as used for
Figure 5.1a except that the voltages applied on capillary and skimmer were increased to -
300 V and -58 V, respectively. In this case, only monocharged aggregates [Nan1AOTxl of n=
1 — 9 were detected (Figure 5.1b). This phenomenon could be attributed to the fact that
multiply charged species were more sensitive to the capillary-skimmer potential. They
would gain higher translation energy than singly charged species in the same electrical
field, and thus could not survive in-source CID. Similar results were observed in positive
ESI mass spectra of NaAOT aggregates”’. Accordingly, the high electrical field between the
capillary and skimmer was unfavorable for aggregation and micellation. Interestingly, only
under this high electrical field a new series of clusters emerged, which could be assigned to
solvation of aggregates by single water molecules, 7.e.[Nan1AOT.H20] (2 = 3 — 9) as
indicated in Figure 5.1b. The intensities of solvated aggregates were less than 5% of
corresponding "dry” aggregates, monotonously decreasing with increasing aggregate size.
When pure methanol was used as the ESI solvent, these solvated aggregates mostly
disappeared. Therefore, these results complemented the observation of water solvated

NaAOT aggregates in the gas phase. In addition to [Nan1AOTnH20l", another series of low
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intensity aggregates were observed (marked with asterisks in Figure 5.1b). It started at m/z
of 778 with neighboring peaks differed by the number of NaAOT unit. This series were
tentatively attributed to either an impurity present in NaAOT, or fragment ions formed
during in-source collisions of "dry” aggregates.
5.3.3 Incorporation of amino acids within negatively charged NaAOT aggregates

Neutral Gly A simple amino acid without a side chain would facilitate identification of
key factors in gas-phase micellar entrapment. Based on this consideration, Gly was chosen
as the first guest molecule for the incorporation experiment. In this experiment, NaAOT
solution was prepared in methanol/water, into which Gly was added ([NaAOT] = 10.0 x 103
M and [Gly] = 2.0 x 103 M). The negative ESI mass spectrum of NaAOT/Gly solution is
shown in Figure 5.2. The most intense ion peaks in the mass spectrum were assigned to
empty aggregates n/z, and their abundance features were similar to those observed in
Figure 5.1a. In the m/z range below 2,000, mass spectrum of NaAOT/Gly was
indistinguishable from that of pure NaAOT, suggesting that in this m/z range gas-phase
aggregates were unoccupied. Occupied aggregates were observed in the m/z range above
2,000, featuring the compositions of [Nan-AOTwGlyml* where m is the number of Gly
molecules entrapped. These species are highlighted in pink in the figure, and labeled as (n
+ m@G)/z. Note that there is m/z coincidence between singly and doubly charged species, for
example, (7+GQ)/1 and (14+2G)/2 for these species both assignments were given. It was
found that, the entrapment capability of aggregates strongly correlated with their sizes. No
entrapment of Gly was detected for aggregates of n < 7. Aggregates of n > 7 may
accommodate single Gly, and up to two Gly molecules can be accommodated in aggregates

of n>13.
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Figure 5.2 Negative ESI mass spectrum of a methanol/water solution containing 10 x 103
M NaAOT and 2.0 x 103 M Gly.

Neutral Trp The Trp side chain (ie. indole ring) is the most hydrophobic of all amino
acid side chains, and aqueous solubility of Trp is 1.38 g/100 g water at 25 °C (compared to
25.16 g/100 g water for Gly)'4 15, Comparison of neutral Gly and Trp as guest molecules
would allow for examination of hydrophobic effects in gas-phase micellar solubilization, and
similar approaches were used to determine the driving forces for the solubilization of amino
acids in solution-phase NaAOT reverse micelles®19, Negative mass spectrum of NaAOT/Trp
was measured using a solution of NaAOT (10 x 103 M) and Trp (2 x 103 M) in
methanol/water. pH of this solution was measured to be 6.5, slightly higher than Trp
1soelectric point pl of 5.9 in aqueous solution?’. As shown in Figure 5.3a, neutral Trp was
incorporated into [Nan-AOTunl# to form [Nan-AOTnTrpml> where m is the number of Trp
entrapped. They are labeled as (n + mW)/z in the figure, where W designates Trp. For the

sake of clarity in showing the assignments of (n + mW)/z, the m/z range below 1,400 is not
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shown in the figure, since no Trp signal was discernible in that range. In contrast to its low
incorporation capability for Gly, each aggregate could entrap up to four Trp molecules, and
there was no obvious correlation between aggregate size and the maximum number of Trp
molecules each aggregate may host. In the figure all empty and Trp-entrapping aggregates
associated with the same aggregate number are linked together, and aggregates with

various values of m are shaded in different colors.
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Figure 5.3 Negative ESI mass spectra of a methanol/water solution containing a) 10 x 1073
M NaAOT and 2.0 x 103 M Trp, and b) 10 x 103 M NaAOT, 2.0 x 103 M Trp, and 10 x 103
M NaOH.
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To quantitatively compare incorporation capability of the same aggregate towards Gly
and Trp, relative incorporation efficiencies defined as

_ I([Na, _AOT,GbT") (1
¢ I(Na,.AOT,T")

_ I([Na, .AOT,Trp]") 2
I([Na,_.AOT,]")

w

were calculated in a similar manner as discussed in chapter 4, where K[Nan-AOTxn]?),
K[Nan,AOT,Glyl*) and A[Nan,AOT.Trpl*) represented ion intensities of empty aggregates
and aggregates containing Gly and Trp in corresponding mass spectra, respectively.

One issue in mass spectral measurements is that there were m/z coincidences among
different charged states. Intensities of singly charged aggregate ions are masked by the
shares of doubly charged ions at the same m/z positions. For example, m/z of 2,644
represents two overlapping charge states, 6/1 and 12/2. To avoid complication arising from
m/z coincidence of selected host aggregate ions with other charge states, [Nan-AOTxl* of
712, 9/2, 11/2, 13/2, 15/2 and 17/2 were chosen as hosts for analysis. [Nan-AOTxn]* may each
incorporate more than one Gly and Trp molecule; however, incorporation of multiple Gly or
Trp was not included in Eg or Ew. This omission was deliberate, since small [Nan-AOTn]*
can only take one Gly each. To enable direct comparison of incorporation efficiencies of
different aggregate sizes and towards different amino acids, this experiment focused on
incorporation of single amino acid. Calculation results, averaged over at least two replicate
sets of mass spectra, are summarized in Table 5.2. These results gave very rough estimates,
but were sufficient to reveal general trends.

Remarkable differences between values of £¢ and Ew arose from distinct electrostatic
and hydrophobic interactions involved in amino acid incorporation. For Gly, there was no

hydrophobic interaction and an attractive electrostatic potential was essential for its
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solubilization into aggregates. In contrast, Trp is the most hydrophobic amino acid4 5. As
shown by the ratios of Ew/Ee listed in Table 5.2, hydrophobicity dramatically increased the
incorporation of Trp into aggregates by a factor of 9 — 14. But the enhancement decreased

rapidly with increasing aggregate size, and approached a minimum for aggregate of 17/2.

Table 5.2 Incorporation efficiencies of Gly (G) and Trp (W) in gas-phase negatively (and
positively) charged NaAOT aggregates.

Negative host aggregates Egb Ew? Ew/Ea?
7
3 - 5.6 -
9
5 0.12 1.7 14
11
5 0.18 1.6 9
13
P 0.33 (0.60) 1.5 (0.34) 4.5 (0.57)
B 0.48 (0.90) 1.3 (0.62) 2.7 (0.69)
o 0.54 (1.50) 1.2 (0.70) 2.2 (0.47)

2 Host aggregates are indicated as ”, where n is the aggregation number, and z is the
z

total charge.
b Values in parentheses are incorporation efficiencies of Gly and Trp in positively charged
aggregates, and their ratios, respectively.

Deprotonated Trp Solubilization of neutral Trp can be attributed to hydrophobic
effects. To distinguish the roles of hydrophobic and electrostatic interactions in micellar
solubilization of the same amino acid, pH of the NaAOT/Trp solution was adjusted to 11.74
by adding 10 x 103 M NaOH. Under this circumstance, deprotonated Trp was carried into
negatively charged aggregates. The resulting spectrum (Figure 5.3b) demonstrated notable
differences than that of neutral Trp (Figure 5.3a). Similar to that of NaAOT/Gly, this mass

spectrum was overwhelmingly dominated by empty aggregates. In addition, two series of
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[Nan-AOTw(Trp-H)m] @™ aggregates were identified, corresponding to aggregates
containing one and three deprotonated Trp (hereafter designated as DW), respectively.
These two series are indicated in dark blue and red shaded areas in Figure 5.3b, and
labeled as (n + DW)I/(1 + 1) where n =7 — 17 and (n + 3DW)/1+3 where n = 17 — 34,
respectively. It is somewhat puzzling that no aggregates containing two DW were detected.
Note that (n + DW)/(1 + I) partially overlapped with (n + W)/2 (which are marked with
green asterisks in Figure 5.3b) because of the ionization equilibrium between deprotonated
and neutral Trp in ESI solution and spray droplets.

As incorporation of deprotonated Trp only happened for monocharged [Nan1AOTxl, the
relative incorporation efficiencies for deprotonated Trp were not compared with those for
neutral Gly and Trp. However, deprotonation of Trp significantly reduced its incorporation
Iinto aggregates, making it resemble Gly in terms of incorporation efficiencies. This
reduction may be explained by the displacement of Trp from the interfacial region close to
apolar tails to the place near polar heads/counterions upon deprotonation. It implied that,
while hydrophobic effects between Trp side chain and surfactant apolar tails dominated Trp
incorporation, these effects were compromised by electrostatics between Trp charged
backbone and surfactant polar heads.

Comparison with encapsulation properties of positively charged aggregates It would
be interesting to compare the entrapment properties of negatively charged NaAOT
aggregates with those of positively charged [Nan+-AOTu]#* reverse micelles reported in
chapter 4. [Nan+-AOTx]#* started encapsulation of a Gly molecule from n = 13, and those of n
> 16 could encapsulate two Gly molecules. Up to three Gly molecules could be encapsulated
in single [Nan+:AOTw]#* of n >17, four Gly molecules in those of n> 21, and five in those of n

> 24. This strong size dependence of encapsulation capability supported a reverse micelle-
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like structure for [Nan+AOTx]#*. Assuming [Nan+,AOTx]** was spherical and Gly molecules
were all encapsulated within the micellar core, the maximum number of encapsulated Gly
molecules did indeed match the core size of the reverse micelle. On the other hand,
incorporation of neutral Trp into [Nan+.AOTul#* started from n = 10, and each [Nan+zAOTx]?*
reverse micelle could only take at most one neutral Trp molecule. Consistent with a reverse
micellar structure, Trp was interpreted to be intercalated between AOT tails at the reverse
micellar interface. Small [Nan+,AOTu]#* reverse micelles had large curvatures; and
consequently could not provide enough interfacial area (near head regions) for
incorporating more than one Trp molecule.

It is surprising that the negative charge state of NaAOT aggregates dramatically affects
their incorporation behaviors towards Gly vs. Trp, yielding distinctly different results. [Nan-
AAOTh]# required lower aggregation number to entrap Gly molecules; in the meantime,
incorporation of more than two Gly molecules was not observed in single [Nan-AOTx]?.
Moreover, each [Nan,AOTu]# can entrap four neutral Trp molecules, and the efficiency for
incorporating the second Trp molecule was comparable to that for the first one. For
comparison, the incorporation efficiencies for Gly and Trp have been included in Table 5.2
in positively charged NaAOT aggregates, respectively” 2!, It is obvious that [Nant,AOTs]#*
and [Nan,AOTn]# presented opposite affinities towards hydrophilic Gly and hydrophobic
Trp, as exemplified by the values of Eo Ew for corresponding positively and negatively
charged aggregates. This hinted that [Nan,AOTn]?* and [Nan-AOTwl* may have different
mechanisms to accommodate guest molecules.

5.3.4 CID of negatively charged NaAOT aggregates
Empty aggregates  For CID experiments, four doubly charged aggregates with odd

aggregation numbers (Ze., 11/2, 13/2, 15/2, and 17/2) were chosen as precursor ions, so that
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each of these precursor ions could be cleanly mass-selected and corresponded to a unique
aggregation number. This circumvented the complications of m/z coincidences with other
species. CID mass spectra described below were obtained at Fws = 1.0 eV and with 0.3
mTorr Xe in the scattering cell. The values of Fwr and cell pressure were the same as those
used for positively charged aggregates in previous chapters,” 2! enabling a direct

comparison of these results from two different charge states.
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Figure 5.4 CID mass spectra of mass-selected negatively charged NaAOT aggregates.
Spectra were measured at Feor = 1.0 €V, with 0.3 mTorr Xe in the scattering cell. Asterisks

indicate precursor ions.

Figure 5.4 shows the product ion mass spectra from CID of mass-selected precursor ions.

Because of multiple collisions between precursor ions and Xe at a high gas pressure (and
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primary fragment ions may continue to undergo collisions that cause secondary
dissociations), relative intensities of product ions in the spectra do not reflect branching
ratios. However, all product ions in this figure were detected under single-collision
condition as well.

Dissociation product ions for all selected precursor ions are summarized in Table 5.3.
Also included in the table are dissociation efficiencies (Diss%), estimated as

Diss% = 2 I(monocharged fragment ion)/2 3)

> I(monocharged fragment ion)/2 + /(doubly charged precursor ion)

for each precursor ion. CID of doubly charged precursor ions exclusively produced two
monocharged species. Both complementary product ions produced from a single dissociation
of a doubly charged precursor ion, were detected and are included in the table, unless
otherwise stated. Some fragment ion peaks may be attributed to more than one product ion
because of the m/z overlapping of singly and doubly charged species. However, based on the
trend in product ion charge state distributions, the contributions of doubly charged product
1ons were less likely to be significant. Most precursor ions had only one dissociation channel,
with the exception of the largest one 17/2, which dissociates into 4/1 + 13/1, 6/1 + 11/1, and
8/1 + 9/1, respectively. Dissociation efficiency strongly depended on the aggregate size,
increasing from 9% for 11/2 to 25 — 26% for 13/2 and 15/2, and dropping to only 5% for 17/2
suggesting the exceptionally high stability of 17/2.

Aggregates containing Gly and Trp  Distinct than that of empty aggregates, CID of
aggregates containing guest molecules involved a competition between stripping
surfactants and expelling entrapped guest molecules. Such competition was driven by
precursor ion structures and the stability of resulting neutral and charged products? 2. To
enable a direct comparison with empty aggregates, Gly and Trp-containing precursor

aggregates with the same aggregation and charge numbers as those chosen for empty
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aggregates were selected, i.e., (11 + G or W)/2, (13 + G or W)/2, (15 + G or W)/2, and (17 + G

or W)/2.

Table 5.3 Summary of CID products and dissociation efficiencies of empty and amino acid-
containing negatively charged NaAOT aggregates

Empty Dissociation |Precursor ions Dissociation |Precursor ions Dissociation
precursor ions # channels ® containing Gly? channels? containing Trp # channels®
11 3+3 11+G £+G 11+W E+W
2 1 1 2 2 2
(9%) (51%) (10%)
13 i+2 13+G £+G 13+W £+W
2 1 1 2 2 2 2
(V] 0 0
(26%) (73%) (7%)
c 1
15 i+£ 5+G £+G 15+W E+W
2 1 1 2 2 2 2
(25%) (42%) (15%)
17 §+2 17+G 1—7+G 17+W £+W
2 1 1 2 2 2 2
6  11° (53%) (10%)
~ o+ —
1 1
4 EC
1 1
(total 5%)

2 Precursor and fragment ions are indicated as 7 for empty aggregates, "*t™G for those
z z

n+mWw

containing Gly (G), and for those containing Trp (W), where n is the aggregation

z
number, zis the total charge, and m is the number of incorporated amino acid molecules.

b Given in parentheses are the dissociation efficiencies, estimated as

Z[ (monocharged fragment ion)/2 for empty aggregates, and
z I(monocharged fragment ion) /2 + I (doubly charged precursor ion)

I(fragment ion) for aggregates containing amino acid.
I(fragment ion) + /(precursor ion)

¢ Beyond the m/z detection limit of the mass spectrometer.
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Shown in Figures 5.5a and b are CID mass spectra of negatively charged NaAOT
aggregates containing Gly and Trp, respectively. These mass spectra clearly revealed that
only one dissociation channel existed for each of these precursor aggregate ions,
corresponding to striping of Gly (or Trp), and only Gly (or Trp), off aggregates. This finding
indicated that both Gly and Trp may be attached to the exterior of aggregate structures. As
opposite to being encapsulated within the aggregate core, an amino acid anchored onto the
outer surface could be easily knocked off by Xe collision without collapse of the remaining
aggregate.

A comparison of dissociation efficiencies was made between aggregates containing Gly
and Trp. As summarized in Table 5.3, the dissociation efficiency increased with the
aggregate size in both systems, except for (13 + G)/2 which presented abnormally high
dissociation efficiency. Under the same CID conditions, the dissociation efficiencies for
aggregates containing Gly were higher than those containing Trp by a factor of 3 — 5 or
more. In fact, dissociation efficiencies of Trp-containing aggregates were more or less
comparable that of empty aggregates. This result was in accordance with the implication of
incorporation efficiencies (Table 5.2), and reinforced that hydrophobic Trp has a higher
affinity to NaAOT surfactants than hydrophilic Gly.

In view of the fact that deprotonated Trp combines hydrophobic side chain and charged
hydrophilic backbone, CID of aggregates containing deprotonated Trp could be another
ideal system for probing entrapment properties of negatively charged aggregates.
Unfortunately, NaAOT aggregates containing deprotonated Trp co-exist and overlap with
those containing neutral Trp in mass spectra, preventing the possibility of selection of

"clean” deprotonated Trp-containing precursor ions for CID.
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Comparison with CID of positively charged aggregates It is informative to compare
CID products of positively and negatively charged empty aggregates of the same size. To
differentiate the charge state for the same aggregation number, the sign of charge was
included in the superscript of the acronym, e.g., n/z* for [Nan,AOTul#* and n/z for [Nan-
AOTu]#. As discussed in chapter 3, the major CID channels of [Nan+2AOTn]2* corresponded
to divisions of the precursor ion into two nearly equally-sized monocharged product ions?,
referred to as "symmetric fission”?2, For instances, 13/2* — 6/1* + 7/1*, 15/2+ — 7/1* + 8/1*,
and 17/2+ — 8/1* + 9/1*. On the contrary, the sizes of two fragment ions produced from a
[Nan2AOTh]? aggregate differed greatly, exhibiting an asymmetric division to one larger
and one smaller species such as 13/2° — 4/1" + 9/1, 15/2° — 4/1- + 11/1", and 17/2° — 6/1" +
11/1.

It is more instructive to compare CID of amino acid-containing NaAOT aggregates in
different charged states. The most profound difference was found in Gly-containing
aggregates. Dissociation of positively charged Gly-containing aggregates produced various
product ions, some of which were still able to entrap Gly. This had been taken as a strong
piece of evidence that Gly was protected within the interior of a reverse micelle. By contrast,
for negatively charged aggregates only Gly was eliminated without losing NaAOT units.
CID of Trp-containing NaAOT aggregates went to another extreme, where all occupied
aggregates expelled Trp only, despite the aggregate charge states.

5.3.56 What structure may gas-phase negatively charged NaAOT aggregates possess?

Before analyzing what mass spectrometry study could reveal about the structure of
negatively charged NaAOT aggregates, it is useful to emphasize the differences from a
comparative analysis of negatively charged [Nan.AOT.* and positively charged

[Nan+zAOT,]#*, the latter of which could form reverse micelle in the gas phase” 2. First,
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[Nan+-AOT,]** reverse micellar ions can accommodate up to five extra charges, while [Nan-
AOT,]” aggregates can only hold two extra charges. Secondly, [Nan+,AOT.]** ions showed a
high encapsulation capability towards hydrophilic Gly with a strong size dependence, yet a
limited incorporation capability towards hydrophobic Trp. [Nan-AOT.* aggregates
presented opposite behaviors, showing a much higher entrapping capability towards Trp
(without aggregate size dependence) than towards Gly. Thirdly, protonation of Trp
significantly improved its incorporation into [Nan+AOT.]#* as it displaced Trp from the
micellar interfacial zone to the core, whereas deprotonation of Trp dramatically decreased
its incorporation into [Nan-AOT.*. Fourthly, CID of [Nan-AOT.Glyl** led to various
fragments, and expelling of Gly resulted in breakdown of the micellar structure. On the
other hand, CID of [Nan-AOT,Trpl?* corresponded to striping only Trp off reverse micelles.
These CID patterns were attributed to different site locations of amino acids within reverse
micelles. In other words, Gly was encapsulated into the micellar core while Trp was
intercalated at the micellar interface. Conversely, for CID of negatively charged aggregates
containing Gly and Trp, the above described difference vanished. At the same For used for
positively charged reverse micelles, both Gly- and Trp-containing negatively charged
aggregates ejected only amino acid. These dissimilarities indicate that, different than the
expectation for reverse micellar incorporation, both Gly and Trp were loosely attached to
negatively charged micelles.

These discrepancies led to clues regarding possible [Nan-AOT.]* structures in the gas
phase. Bongiorno et al'0 23 and Giorgi et all! reported gas-phase negatively monocharged
NaAOT aggregates. Bongiorno et al calculated the energy changes accompanying the
formation of reverse and direct micelles for neutral, positively and negatively singly

charged AOT trimers, and found the electrostatic interactions among surfactant head

101



groups are larger than apolar-apolar interactions among surfactant alkyl chain which
would favor a reverse micellar model for these trimers. MD simulations?* suggested that,
positively and negatively singly charged and neutral NaAOT aggregates may all form
reverse micelle-like structures; however, negatively charged aggregate were the least stable
and had larger total gyration radius (including all atoms) and core gyration radius
(including core atoms only) than the same size neutral and positively charged aggregates.
This implies additional repulsive effect for a negatively charged aggregate if existing in a
reverse micellar structure.

Compared to singly charged aggregates, multiply charged aggregates brought about
more intense coulombic repulsion. One way towards understanding the structures of
multiply charged aggregates is to identify different effects of extra positive and negative
charges. The presence of Na* counterions in the [Nan+,AOT,]?* reverse micelle allowed the
repulsive interaction of AOT negative polar heads to be overcome; and extra Na* ions
improved this gluing effect. This scenario raised a related question. Would multiply charged
[Nan+AOT,]#* be destabilized because of coulombic repulsion when Na* ions were too close
to each other? Based on a direct optimization of dry, isolated NaAOT reverse micelles?> and
MD simulations of low water content NaAOT reverse micelles in isooctane?s 27, most Na*
ions penetrated the AOT polar heads layer and coordinated with the sulfonate group. Some
Na* ions existed outside and coordinated with the carbonyl group. Coordination of Na* with
these oxygen atoms offered a favorable structure for [Nan+-AOT.]#*. On the other hand, had
[Nan-,AOT.]> adopted a similar reverse micellar structure as [Nan+-AOT,]**, repulsive
interactions among "unneutralized” AOT- polar heads (localized in the micellar center)
could not be "shielded” from each other. This would have induced inherent instability

leading to disruption of the whole micellar structures.
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Based on these considerations and our incorporation and CID results, a direct micelle-
like model (which exposes polar heads) is proposed here, which might better describe the
structures and encapsulation properties of multiply negatively charged aggregates than a
reverse micelle-like model (with polar heads buried within the interior of the micelle). In a
direct micelle-like structure, Gly may adsorb to the interface through electrostatics with
NaAOT polar heads and counterions; Trp, due to its hydrophobic indole ring, may partially
penetrate into the surfactant layer. The cartoons in Figures 5.5a and 5.5b illustrate direct
micelle-like structures for Gly- and Trp-containing aggregates. These cartoons were not
intended to describe the whole structures of respective aggregates, but to demonstrate the
localization of Gly and Trp and how these guest amino acids were facilely eliminated during
CID. A direct micelle-like structure explained the observation that [Na.,AOT.]* aggregates
have a higher affinity towards Trp than towards Gly. Following the principle of "like
dissolves like”, Trp could penetrate into AOT apolar tails acting as a co-surfactant and
consequently gained more space compared to Gly. It followed that Trp incorporation showed
weak aggregate size dependence. Moreover, deprotonation of Trp introduced repulsion
between Trp charged backbone and AOT polar head. This electrostatics tended to push Trp
away from the micellar surface, leading to reduced incorporation efficiency. Finally, the fact
that Xe collision could strip Gly or Trp off the host without breaking the host structure was
consistent with location of guest molecule near the exposed layer of a direct micelle-like
structure. And as Trp side chain and AOT tails coalesced into a more stable architecture,
less fragmentation would be expected for aggregates containing Trp. It is worth noting that,
in addition to spherical direct micelle, other structures such as helicoidal or rodlike
micelle2® with exposed polar heads, may also be in agreement with encapsulation and

dissociation behaviors of NaAOT aggregates. However, a helicoidal or rodlike micelle with
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replicate structure units along one dimension are unable to explain the fact that, while
hydrophobic effects increased the incorporation of Trp into aggregates, the enhancement

decreased rapidly with increasing aggregate size (Table 5.2).
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Figure 5.5 CID mass spectra of mass-selected negatively charged NaAOT aggregates
containing a) Gly and b) Trp. All spectra were measured at Z.;= 1.0 eV, with 0.3 mTorr Xe
in the scattering cell. Asterisks indicate precursor ions. Inserted cartoons illustrate a)
adsorption of Gly near surfactant polar heads and b) interfacial incorporation of Trp as a co-
surfactant, respectively.

Note that gas-phase direct micelles have been reported previously for other systems,

e.g., 3-[(3-cholamidopropyl)-dimethylammoniol-1-propanesulfonate (CHAPS)2?, sodium

dodecylsulfate (SDS) 29, bile salt®, and decyltrimethylammonium bromide (DTAB) 3.
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Particularly, Robinson et al reported formation of gas-phase direct and reverse micelles
using different ESI solutions of cetyltrimethylammonium bromide (CTAB)28.
5.4 Conclusions

The experimental study presented in this chapter ascertained that NaAOT surfactants
are able to form negatively multiply charged micelles in the gas phase with compositions of
[Nan-AOTw]? where n =1 — 18 and z= 1 — 2. Micellation occured via self-assembling of
surfactants in the gas phase, and did not mirror aggregation states in ESI solutions.
Solvation was only detected for small negatively charged aggregates, indicating that
solvent-surfactant interactions were not essential for the formation of micelles in the gas
phase. Incorporation of Gly, neutral and deprotonated Trp into [Nan-AOTxnl* was achieved,
respectively. Incorporation of hydrophilic Gly demonstrated strong aggregate size
dependence. [Nan-,AOTn]* of n> 7 could incorporate one Gly molecule, and those of n> 13
can incorporate two Gly molecules. In contrast, [Nan-AOT:]* showed a much higher
incorporation capability towards hydrophobic Trp and could accommodate up to four Trp
molecules each from the size of n = 6. However, deprotonation significantly reduced Trp
incorporation. CID of negatively charged empty aggregates and those containing Gly and
Trp was carried out. Fragmentation results were utilized to infer micellar ion structures
and incorporation sites of amino acids, and hence to propose a direct micelle-like structure
for these assemblies. These findings are different than those of positively charged NaAOT
aggregates discussed in previous chapters, which had been proved to take a reverse micelle-
like structure. It was concluded that micelles formed from the same solution but under
different charge states exhibited markedly different mass spectra. More importantly,
different charge states might affect resulting micellar structures, and consequently their

incorporation behaviors.
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Contrary to the general view that reverse micelle requires water molecules to “glue” the
assembly, no water was found in gas-phase reverse micelles. It is speculated that, because
of water shedding, more Na* is required to coordinate with AOT and support the reverse
micellar structure. This finding implies potential applications of gas-phase reverse micelles
in synthetic tasks where the absence of water is required for extremely aggressive
chemistry.32 CID was employed to provide insights into gas-phase reverse micellar

structures, stability, and their dependence on micelle size.
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Chapter 6
Guided-Ion-Beam and Trajectory Study on the Reaction of

Deprotonated Cysteine with Singlet Molecular Oxygen (alAg)

6.1 Introduction

Electronically excited singlet molecular oxygen (Oz[alAg]) has characteristic chemistry in
which molecules are oxygenated.'> This sets it apart from ground-state triplet O2 which,
because of two unpaired parallel-spin electrons, does not react with most molecules unless
activated by extra energy. 102 can be generated in biological systems by energy transfer to
302 from protein-bound or other chromophores on exposure to UV and visible light (Ze.
photosensitization®), and by a range of enzymatic and nonenzymatic reactions.”
Consequently, 102 chemistry plays an important role in biological aging, diseases and cell
death,? 7 and in photodynamic therapy where 10z is used for cancer treatment.0

Due to its electron-rich side chain, cysteine (Cys) is one of the most vulnerable residues
towards 1Oz oxidation in proteins.”- 91! In fact, because it is prone to oxidation, Cys is rarely
present as a free residue at surface-exposed parts of proteins.’2 Oxidation of Cys by 102
often leads to disulfide formation such as a dimeric product cystine.!® This reaction is
biologically important because that controlled oxidation of cysteine residues and reduction
of cystine residues constitute a redox switching mechanism that controls the structure and
function of a number of key proteins. 14 Most experiments devoted to the elucidation of the
oxidation mechanism of Cys were carried out in solution,'>2! using dye-sensitized "photo-
oxidation” methods where 102 was generated with UV or visible light in the presence of

sensitizers. Photo-oxidation of Cys is strongly pH dependent. At high pH (= 8 — 11) the
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reaction is mediated by 10z, while at low pH (= 4 — 6) the reaction is mediated by radicals
formed during photosensitization and the oxidation of the thiol group to disulfide is
suppressed.? Oxidation involves formation of a persulfoxide intermediate though the
mechanism remains obscure. Oxidation products include cysteine, oxyacids (RSO:H and
RSOsH), and other species that remain to be elucidated.

To avoid the complexities arising from photo-oxidation experiments in solution (such as
types of sensitizers, light, solvent compositions, and competition between 10O2- and radical-
mediated reactions) and simply the interpretation of Cys oxidation mechanism, the reaction
of Cys with 102 in the gas phase was chosen. One advantage of investigating biomolecules
in the gas phase is that it allows one to observe single molecules separated from bulk
solution environments. In this way, intrinsic reactivity of molecules can be distinguished
from solvent effects. The reaction of protonated Cys (CysH*) with 102 in the gas phase has
been reported by our group?? using electrospray-ionization (ESI)23 24 mass spectrometry and
guided-ion-beam scattering methods.2> By combining the input of gas-phase experiments
and theoretical simulations, the reaction mechanism and dynamics for CysH* + 102 was
unraveled. One interesting finding is that the electronic excitation energy of 102 could be
used to drive dissociation of an intermediate complex, the so-called dissociative excitation
transfer.26 In the present chapter, investigation was extended to the oxidation of
deprotonated cysteine ([Cys-H]-), attempting to examine the effects of
protonation/deprotonation on oxidation of Cys. Our guided-ion-beam tandem mass
spectrometer, coupled with an ESI source, was employed to examine the reaction. To
understand and supplement gas-phase experiments, electronic structure calculations were
used to construct reaction coordinate, and direct dynamics trajectory simulations were used

to provide additional mechanistic insights.
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6.2 Experimental and computational details

Experimental procedures The experiment in this study was carried out in our guided-
ion-beam tandem mass spectrometer, which has been described in detail in previous
chapters, along with the operation, calibration and data analysis procedures.22 2731 Only a
brief description is given here, emphasizing the key operating parameters used (in Table

6.1), and the modifications made for this experiment.

Table 6.1 Key operating parameters of the mass spectrometer in negative ion mode

ESI flow rate 0.05 ml*hr?
ESI bias voltage -2,640 V
Capillary bias voltage 93V
Capillary temperature 150 — 160 °C
Skimmer bias voltage 25V
Pressure in hexapole ion guide 20 mTorr

The molar masses, purities, manufacturers and storage of chemicals and solvents used
in the experiment are listed in appendix C. All chemicals were used without further
purification.

Both mass filters were operated at 2.1 MHz with m/z range of 1 — 500, to achieve high
ion transmission and mass resolution for the system. 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. The sample
solution was prepared in methanol/water (1:1 volume ratio) containing 0.5 mM L-cysteine
with 0.5 mM NaOH added to assist deprotonation. Ion beam intensities of [Cys-H]- was
typically 1 X 106 ion/sec, and constant within 10%. Their initial kinetic energies were 0.25
eV, and the energy spreads were ~0.3 eV which corresponds to an energy spread of ~0.06

eV in the center-of-mass frame for the collision of [Cys-H]~ with 1Os. Reaction cross sections
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were calculated from the ratio of product and reactant ion intensities, calibrated 1O:
pressure, and the calibrated effective length of the scattering cell, using a Beer's Law
relationship.32

Generation of singlet oxygen by microwave discharge Singlet molecular oxygen (a!Ag)
was generated by microwave discharge3? 34 in a 1:1 mixture of Oz2:Ar, and the 02 yield was
estimated using the specific energy deposition per molecule in the discharge.?’ The presence
of Ar improved discharge stability and did not affect the measurements of Oz reactions,
because Ar is unreactive with [Cys-H]- except for CID which could be measured
independently. The gas flow from the leak valve passed through a 6.3 mm o.d. X 3.0 mm i.d.
alumina discharge tube surrounded by an Evenson resonant microwave cavity,?® which was
excited by a 2,450 MHz microwave power supply (Opthos Instruments, model MPG-4) ,
with the microwave power fed into the cavity no more than 18 W and the power reflected
from the cavity less than 5 W. The variations of forward and reflected power were
controlled to be within 10%, and the specific energy deposition per molecule (calculated
from the forward and reflected microwave power, and the gas density) was determined to be
14 eV. The 102 yield (~5%) was estimated using the specific energy deposition per molecule
in the discharge.?> The discharge tube was cooled to below 55 °C by air blown into the
interior of the cavity. The exit end of the discharge tube was coated by mercuric oxide to
remove O atoms generated from discharge. The discharge was about 40 cm from the
scattering cell entrance, and the light from the discharge was trapped by a Wood's horn to
avoid direct photolysis of ions or production of background ions by photo-desorption from
the ion guide surface.

To provide reasonable intensities of product ions, the pressure of O2/Ar in the scattering

cell was maintained at 0.33 mTorr. The collision cross section (Geonision) for [Cys-H]- + Og,
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taken as the greater of the ion-induced dipole capture cross section (Gcapture)®” and the hard-
sphere collision cross section (Ohard sphere, calculated from the orientation-averaged contact
radii of [Cys-H]- and O), is 31 — 67 A2 in the Fil range of 0.1 eV — 1.0 eV. Accordingly, the
probability of [Cys-H]- undergoing a single-collision within the scattering cell is < 17%, and
that of double collisions is < 4%. The majority of [Cys-H]- ions (> 79%) passed through the
scattering cell without any interaction with Oz or Ar, hence keeping multiple ion-molecule
collisions to an insignificant level.

As a check on reproducibility, the entire experiment was repeated several times and
each time different o was cycled through. The data presented are averages of several
independent data sets. The relative error of the cross section measurements was ~25%. To
check the reactivity of [Cys-H]- toward 302 and Ar, a control experiment was performed
under the same conditions except that the microwave discharge was turned off. Recently, a
chemical 02 generator has been set up in our research lab, which uses the reaction of H202
+ Clz + 2KOH — 0:2(alAg)/02(X3%s) + 2KCl + 2H20 to generate 'Oz without O and Os
contaminants.?2 30. 33 The experiment was repeated relying on this chemical 102 generator,
and the 0z concentration was determined by the emission of Oz (alAs »X3%:, v =0 —0) at
1,270 nm3° using a cooled InGaAs photodetector.’® A reasonably good agreement was
achieved between experiments using microwave discharge and chemical 02 generation
schemes, respectively.

Computational methods To aid in reaction coordinate interpretation, density
functional theory (DFT) electronic structure calculations were performed at the B3LYP
level of theory with various basis sets including 6-31G, 6-31G(d), 6-31+G(d) and 6-
311++G(d,p), using Gaussian 09.40 All geometries were optimized by calculating force
constants at every step. Vibrational frequencies and zero-point energies (ZPE) were scaled
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by a factor of 0.955 and 0.981,4! respectively. All the transition states (TSs) found were
verified as first-order saddle points by frequency calculations, and the vibrational mode
with the imaginary frequency corresponds to the reaction pathway. Relaxed potential
energy surface scans were performed to look for possible barriers during reactant approach
or product separation.

Quasi-classical, direct dynamics trajectory simulations were conducted to identify
important steps in the reaction coordinate for [Cys-H]- + '0s. The chemical dynamics
program VENUS99 of Hase et al*? was used to set up trajectory initial conditions, and the
Hessian-based method of Bakken et al*3 implemented in Gaussian was used to propagate
each trajectory, with Hessians recalculated every five steps. Because millions of gradients
and Hessian evaluations were required, the level of theory used for trajectories was
necessarily modest. On the basis of the overall level of agreement with experimental and/or
high level benchmark results and computational speed, BSLYP/4-31G(d) level of theory was
chosen for calculating trajectories. Trajectory integrations were performed with a step size
of 0.25 amu!?Bohr (corresponding to a step size of ~0.5 fsec in trajectory time), which
conserved total energy to better than 104 Hartree. The SCF = XQC option was adopted
during trajectory integration so that a quadratically convergent Hartree-Fock (QC-SCF)
method?0 44 was used in case the usual, but much faster, first-order SCF method failed to
converge within the allotted number of cycles.

The purpose of the trajectory simulations was to probe the gross features of the
collisions between [Cys-H]- and 'O2. Particularly, simulations were used to help discover
the reaction mechanism, and locate key transition states for reactions when the standard
TS-searching methods failed. Thus all 100 trajectories were calculated at an impact

parameter b of 0.1 A, rather than sampling the b distribution. Zo was set at 0.2 eV for
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simulations. The initial conditions of the reactants were chosen to mimic my experimental
conditions. Because [Cys-HI- ions were thermalized in the experiment, their initial
vibrational and rotational energies in trajectories were sampled from Boltzmann
distributions at 300 K. Similarly, 'Oz21in the experiment was close to room temperature, so
300 K was used for both rotational and vibrational temperature for !Oz. The quasi-classical
initial vibrational state was simulated by giving each reactant atom displacement from
equilibrium and momentum appropriate to the initial rovibrational state, with random
phases for different modes. Both [Cys-HIl- and 'O: have ZPE in all vibrational modes.
Randomly oriented [Cys-H]- and 02 were given relative velocities corresponding to the
simulated Ao All trajectories started with an initial center-of-mass reactant separation of
7.0 A, and were terminated either when the distance between products exceeded 7.2 A, or
after 3000 steps. The attractive energy between reactants at the separation of 7.0 A is no
more than 11 meV, most of which was determined to come from basis set superposition
error (BSSE).45 Trajectories were calculated on an Intel core 2 quad (3.0 GHz) and core i7 6-
core (3.2 GHz)-based 64 bit Linux computational cluster, and each trajectory took 150 — 250
CPU hours. gOpenMol*¢ was used for trajectory visualization. Analysis of individual
trajectories and statistical analysis of the trajectory ensemble were done with programs
written for this purpose.
6.3 Results and discussion
6.3.1 Gas-phase structures of [Cys-HI-

One issue for interpretation of [Cys-H]- chemistry is that Cys has two deprotonation
sites leading to two different anionic structures, 1e., the carboxylate anion
HSCH:CH(NH2)COz~ due to the deprotonation of the backbone carboxylic acid group, and

the thiolate anion -SCH:CH(NH2)CO:zH due to the deprotonation of the thiol group in the
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side chain. Both HSCH:CH(NH2)COs~ and -SCH:CH(NH2)CO:H have various
conformations resulting from their structure flexibility. A grid search method*> was used to
find local minimums in their conformational landscape. Each of the torsional angles of the
amino acid was rotated systematically through 360° at 60° increments to generate possible
conformations of HSCH2CH(NH32)CO2 and -SCH2CH(NH3)CO:2H, the so-called rotamers.
Every conformation so generated was subjected to geometry optimization at B3LYP/6-
31+G(d) to derive associated local minimum conformation. Many of the initial
conformations were optimized to the same local minimum conformations. These
conformations were then optimized at B3LYP/6-311++G(d, p). Their structures and relative
energies with respect to -SCH2CH(NH2)CO:2H_1, the lowest energy conformation of [Cys-HI-,
are summarized in Figure 6.1.

The conformations in the top portion of Figure 6.1 belong to the -SCH2CH(NH2)CO:H
structure, differing by the cis/trans-configuration of -COOH, the orientation of the -COOH
group with respect to the -NHz group and that of the thiolate group to the backbone. All
conformations are  stabilized by  intramolecular hydrogen  bonds  except
-SCH2CH(NH2)CO2H_11 and 13. Particularly, strong hydrogen bonds via proton-sharing
between the carboxylic acid and thiolate groups occur in the first three low-lying
conformers, with the distance of S---HOOC being 1.94 — 1.98 A. Shared proton binding
motifs also occur to some extent in the fourth and fifth conformers, between the carboxylic
acid and amino groups with a distance of 1.80 — 1.84 A from the N atom to the H atom of
-COOH. The energies of the first five -SCH2CH(NH2)CO:2H conformers differ by a maximum
of 0.32 eV, and the remaining conformers lie 0.53 — 0.86 eV higher in energy with respect to

-SCH2CH(NH2)CO=H_1.
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conformations of thiolate anion 'SCH,CH(NH,)CO,H
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Figure 6.1 Low-lying conformations of deprotonated Cys calculated at B3LYP/6-
311++G(d,p), including thiolate and carboxylate anionic structures. Their relative energies
at 0 K (eV, including ZPE) are indicated below each structure.
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HSCH2:CH(NH2)CO2~ conformers are found to be 0.06 — 0.37 eV higher in energy than
the lowest energy thiolate conformer. Each of these conformers features an intramolecular
hydrogen bond between one of the H atoms of the N-terminus and the deprotonated C-
terminus with a HNH--COO distance of 2.02 — 2.26 A. HSCH2CH(NH2)COs_1 and 7 each
has a second hydrogen bond of SH--NH: with a distance of 2.42 — 3.03 A, while
HSCH:CH(NH2)COs_2, 3 and 4 each has a second hydrogen bond of SH--OOC with a
distance of 1.73 — 2.26 A. The stable conformations found for the thiolate and carboxylate
structures are consistent with previous reports.47-50

The pKa of the carboxylic acid group (2.0) is 6.2 units smaller than that of the thiol
group (8.2) in Cys,5! indicating that [Cys-HI]- should be a carboxylate but not a thiolate in
solution. However, disputes arise regarding the structure of [Cys-H]- in the gas phase. My
DFT calculation results at BSLYP/6-311++G(d,p), as well as other calculations performed at
B3LYP/6-311++G(d,p)//B3LYP/6-31+G(d),* B3LYP/aug-cc-pVDZ, and G3B3 levels of
theory,®® reveal that the thiol group of Cys is slightly more acidic than the carboxylic acid
group, albeit by a very small margin. Experimentally, Woo et al claimed that ESI of Cys in
3:1 (viv) methanol/water solution produced a thiolate in the gas phase according to
photoelectron spectroscopy measurements.#® Tian et al found that the preferred
deprotonation site for gaseous Cys is the thiol side chain rather than the backbone
carboxylic acid based on H/D exchange reactions of [Cys-H]- with various deuterated
alcohols in the gas phase.50

On the other hand, Oomens et al5? reported gas-phase infrared multiple photon
dissociation (IRMPD) spectrum of [Cys-H]- which was generated by ESI of a mixture of Cys
and NaOH in methanol/water. In contrast to PES and H/D exchange studies, the

conformation-specific IRMPD spectrum identified a carboxylate structure only for gaseous
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[Cys-H]-. It therefore seems that the structures of [Cys-HI- present in the gas phase depend
on experimental conditions,’? given for instance a similar finding was reported for the
carboxylate vs. phenoxide structures of deprotonated Tyr in the gas phase.?8 5254 In my CID
experiment of [Cys-H]- with Ar and 302(vide infra), overwhelmingly dominant product ions
are those of m/z 33, corresponding to the formation of HS- anions. HS- is a characteristic
fragment of the carboxylate structure, as reported in IRMPD.52 This evidence leads us to
conclude that our ESI source produced dominantly carboxylate anions for the reaction with
102. In the following calculations and discussion, the most stable HSCH2CH(NH2)CO2-
conformation in Figure 6.1 was used as the reactant ion structure. It is certainly possible
that interconversion between different rotamers of HSCH:CH(NH2)CO2- may occur during
collisions. However, it seems less likely that different rotamers would significantly alter
reaction coordinate, as confirmed by the trajectory simulations of HSCH:CH(NH2)COs~ +
102(vide infra), as well as CysH* + 102,22 TyrH* + 102,27 [Tyr-H]- + 102,38 and MetH* + 102,30
6.3.2 Reaction cross sections of HSCH:2CH(NH2)COz~+ 102

For the reaction of HSCH2CH(NH32)CO2 (m/z 120) + 102, product ions were observed at
m/z 74, 118 and 135 over the collision energy range of 0.1 — 1.0 eV. At higher collision
energies, product ions were also observed at m/z 33, 76, 87, and 102, of which m/z 33 is
largely dominant. The latter four product ions correspond to the formation of HS-52 and
elimination of CO2,55, HS, and H20,5 respectively, from CID of HSCH:CH(NH32)CO2. They
were also observed upon collisions of HSCH:CH(NH2)COz with 302 and Ar (Z.e., when the
O2 microwave discharge was off), and therefore could be excluded from !Os-specific
reactions. Product ions of m/z 74, 118 and 135, on the other hand, were not observed with

302 and Ar, and cannot be attributed to CID products.
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Figure 6.2 Product cross sections for the reaction of HSCH2CH(NH2)COs- with 102, as a
function of center-of-mass collision energy. The estimated collision cross section and the
total reaction cross sections are shown in the inset.

Product cross sections of m/z 74 and 118 are shown in Figure 6.2, as a function of the
center-of-mass Feol. Note that the cross section for product ions of m/z 135 is too small to
allow for a meaningful measurement of its Ao dependence. Also shown in the insert of
Figure 6.2 are the experimental total reaction cross section (Gtotal = sum of individual cross
sections) and the estimated collision cross section Geliision. It is to be noted that the absolute
uncertainty in the cross section measurements, mostly arising from uncertainty in the 102
concentration, could be large. This source of uncertainty, however, does not affect the
relative cross sections, ILe., the Fo dependence of cross sections, which is the primary
interest in the study. In the present ion-molecule scattering experiments, an uncertainty of
25% was quoted for relative cross sections.22 27.30.38 Both product channels have significant
cross sections only at the lowest energies, and are strongly inhibited by At The overall
reaction efficiency, estimated as Gtotal /Geollision, 18 ~25% at low collision energies, dropping to

7% at Feol = 0.4 eV and 4% at Feo = 0.5eV, and becoming negligible at £ > 0.75 eV. On the
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other hand, the collision energy dependence of reaction cross sections indicates that both
reactions could proceed without significant energy barriers in excess of reactants.

Note that the electron detachment energy for HSCH2CH(NH2)CO2- is calculated to be
2.64 eV at B3LYP/6-31+G(d), which is beyond the Ko range of 0.1 to 1.0 eV used in the
present experiment. Consequently, the detachment of the excess electron from
HSCH:CH(NH2)COs~ could be disregarded during the collision with target gases. In
addition, assuming the excitation energy (0.98 eV)3? and electron affinity (0.45 eV)57 of 10z
can all be used to drive reaction, the electron transfer between HSCH2CH(NH2)CO2 and
10z 1s endothermic by 1.21 eV, and thus cannot occur in our Feol range, either.

6.3.3 Reaction mechanism
A. Product ion of m/z74

Complex-mediated dissociative excitation transfer =~ The product ion channel of m/z 74
has the largest cross sections over the entire Feo range. There are two possible reaction
pathways leading to the dissociation of an intermediate complex to a product ion of m/z 74,
as outlined below:

HSCH:CH(NH2)COs+ 102 — NH2CH2CO2 + CH2S0: AHmn=0.7eV (1)

[NH:CHCO:HI- + CH2S02 AHen=2.1eV  (2)
However, both reaction pathways could be discounted based on their reaction heat of
formation (AHrxn) calculated at B3LYP/6-31+G(d). If m/z of 74 was produced from
unimolecular dissociation of HSCH:CH(NH2)COz-, the lowest dissociation energy pathway
corresponds to

HSCH2CH(NH2)CO2- — NH2CH2CO2 + CHsS AHmn=1.2eV  (3)
This dissociation energy was calculated at B3LYP/aug-cc-pV5Z. The reaction involves

intramolecular transfer of a H atom from the thiol group to C¢, prior to (or concurring with)
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Ca-CB bond cleavage of HSC8H2C<H(NH2)CO2~. Obviously, reaction (3) could not occur at Etol
well below the dissociation threshold (instead the cross section would rise from zero at an
appearance energy near the dissociation threshold and increase with Zuw), unless this
dissociation is prompted by the excitation energy of 'Os.

Viggiano et al reported several examples in which the electronic excitation energy of
102 was utilized for driving endothermic reactions, such as electron transfer between Oq
and Oz, SOs-, and HO2,58 59 and dissociation of OH-(H20)1,2 by the excitation energy of 102
— the so-called dissociative excitation transfer.26 Recently, my colleague and I reported the
gas-phase reaction of CysH* with 102 and proposed a mechanism based on the similar
idea.?2 The reaction of CysH* + Oz proceeds via Ce-C? bond rupture of a hydroperoxide
intermediate CysOOH* accompanied by intramolecular H atom transfer. All of the 102
excitation energy was used to drive the dissociation of CysOOH?*, yielding H.NCHCO:2H*,
CHsSH, and 302. Note that, to realize excitation energy transfer in these systems, a strong
reactant interaction must be warranted to affect the electronic property of 102 and hence
break the spin conservation propensity rule.

If a similar scenario occurs for HSCH:CH(NH2)COs + 10z, the formation of
NH2CH:2COgz~ would become energetically feasible at low FEw. However, a related question
arises to the nature of energy transfer from O2. Two mechanisms may be imaged for
dissociation of HSCH2CH(NH2)CO2~ to HeNCH2CO2~ + CH2S. The reaction could proceed in
a direct sequential mechanism as invoked in conventional CID, i.e., an activating collision
where the excitation energy of 102 and a fraction of Ewo are converted to the internal energy
(Ein) of HSCH2CH(NH2)CO:, followed by unimolecular decomposition of excited
HSCH:CH(NH2)COs after Oz has recoiled. However, such direct sequential mechanism

could be ruled out for two reasons. First, a direct collision would likely show Fol
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enhancement rather than inhibition for an endoergic dissociative reaction, since kinetic
energy to Em: conversion is helpful for overcoming the reaction threshold as observed in
typical CID reactions.% 61 Secondly, based on DFT calculations the triplet excited state of
HSCH:CH(NH2)CO2~ would pre-dissociate to [H:NCHCH: + SH + COql-, rendering the
energy transfer via intersystem crossing of HSCH:CH(NH2)COs + 102 —
SHSCH2CH(NH2)CO2™ + 302 impossible.

An alternative reaction mechanism relies on the formation of a complex between
HSCH2:CH(NH2)CO2~ and 102, and the electronic energy of Oz converts into whatever form
of Eint needed for dissociating the complex. The dissociation must be concerted, I.e., Oz must
remain in close proximity to HSCH:CH(NH2)COz~ as HSCH2CH(NH2)CO2- dissociates; in
the meantime, strong spin-orbital coupling within the complex could "catalyze” access to
the triplet channel with no activation energy in excess of the asymptotic energy for the
products. A similar concerted mechanism has been reported for spin-forbidden reactions of
NOs* (1Zg") + Xe - NO*(1Zg) + OGP) + Xe, and CysH* + 102 - HsNCHCO:H* + CHsSH +
302.22 A complex-mediated mechanism is reasonable for a system like HSCH2CH(NH2)CO2-
+ 10g, since the number of degrees of freedom is large for efficient Eere — FEine transfer.

A complex-mediated mechanism is also consistent with the observed F dependence of
reaction cross section. Production of HeENCH:2COsz~ + CHz2S requires intramolecular H atom
transfer — a rearrangement needs to be mediated by a long-lived complex. The efficiency of
complex formation decreases with increasing Fl, which explains the decreasing of reaction
cross section at high Feol.

Reaction coordinate Potential energy surface (PES) associated with possible low
energy reaction pathways for HSCH:CH(NH2)CO2~ + 102 is presented in Figure 6.3. The

reactants are shown near the center at zero energy, and the complex-mediated dissociative
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excitation transfer between 102 and HSCH2CH(NH2)COs~ is shown in the right portion of
the figure. Energetics are derived from a combination of B3LYP/6-31+G(d) and B3LYP/aug-
cc-pV5hZ results and the experimental value of 102 excitation energy. Four weakly bound
complex (RC1 and RC2, and PC1 and PC2) and two covalently bound complexes (a
persulfoxide and a hydroperoxide) were identified. The transition states (T'Ss) connecting
the complexes to each other and to the reactants and products are indicated in the figure.
Complexes RC1 and RC2 can be characterized as reactant-like complexes, formed by
electrostatic interaction and ionic hydrogen bonds. Complex RC1 has the Oz moiety
sandwiched between the thiol and amino groups of HSCH2CH(NH2)CO2-, with distances of
2.15 and 2.35 A for SH--0-O and O-O--HNH, respectively. RC2 is a hydrogen-bonded
complex, with both -C¢H and -NH2 hydrogen bonded to the Oz moiety with H---O distances
of 1.67 — 1.98 A. The binding energies of RC1 and RC2 are 0.75 eV and 0.62 eV, respectively,
with respect to the reactants. Because no rearrangement is needed to form reactant-like
complexes from the reactants, it is less likely to have significant barriers inhibiting the
formation of these two complexes. This was verified by direct dynamics trajectory
simulations to be discussed below. Because of a lack of directional covalent bonds between
HSCH:2CH(NH2)COz~ and Oz moieties, complexes RC1 and RC2 do not have a well-defined
geometry at the energies available in the present experiment, and are rather floppy with a
large amplitude of intermolecular motion. The point is that they allow repeated encounters
between reactants, increasing reaction probability for collisions not initially in the correct
geometry and enhancing the reaction cross section.

RC1 may eventually lead to the formation of a persulfoxide through TS1. Persulfoxide is
a covalently bound intermediate, with a binding energy of 1.17 eV relative to the reactants.

In the persulfoxide, a H atom is transferred from the thiol group to the amino group. Based
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on relaxed PES scan, persulfoxide may facilely undergo intramolecular H atom transfer
from -NH3 to the peroxide group and converge to a more stable hydroperoxide intermediate.
I propose that the persulfoxide and/or hydroperoxide may undergo three-body dissociation
to Ha2NCH2CO2, CHs=S, and 30:. Intramolecular H atom transfer occurs simultaneously
with the dissociation of the persulfoxide or hydroperoxide, transferring a H atom from -NH3
or -SOOH to the Ce atom. Assuming all of the 'Oz excitation energy is contributed to the
dissociation of the persulfoxide and/or hydroperoxide, the calculated AH.x is ~0.2 €V, as

indicated by the heavy green line in Figure 6.3.
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Figure 6.3 Schematic reaction coordinate for HSCH2CH(NH2)CO2~ + 102. Energies of
complexes, TSs, and products, relative to reactants, are derived from a combination of
B3LYP/6-31+G(d) and B3LYP/aug-cc-pV5Z results, including ZPE. The bond distances are
shown in angstroms. For TSs, vibrational modes corresponding to the imaginary
frequencies are indicated by displacement vectors.

The calculated AHix is consistent with my experimental observation. As shown in Figure
6.2, the cross section of HoONCH2CO2~ generally increases with decreasing Feol, but dips at

the lowest Fw. A dip of this sort is typical for channels that are endoergic, but with
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endoergicity comparable to the o broadening resulting from the distributions of ion beam
and target molecule velocities in the experiment. It is also worth noting that the reaction
endoergicity of 0.2 eV was calculated based on the most stable carboxylate conformer of
deprotonated Cys, 7.e. HSCH:CH(NH2)CO2_1 in Figure 6.1. Other conformers such as
HSCH:CH(NH2)CO2_2, 3 and 4 with energy within ~0.1 eV of HSCH:CH(NH2)CO2~_1 may
form in our ESI source and participate in the reaction. Consequently, at the lowest nominal
Eio (Ze. 0.1 eV) a large fraction of collisions have energy more than the threshold energy,
and can react. As a result, the product cross section generally increases with decreasing Feol,
presenting an "exothermic” reaction pattern. Similar Feo dependence has been reported for
an endothermic reaction of H:2CO+* + OCS — OCSH* + HCO, with a threshold energy
between 0.04 to 0.22 V.62
B. Product ions of m/z 135 and 118

Product ion of m/z 135 corresponds to the elimination of a OH radical from a reaction
intermediate complex. DFT calculations suggest a possible pathway for OH elimination,
and its energetics is given as

HSCH:CH(NH2)COz + 102 - OSCH:CH(NH2)CO2 + OH AHixn =-1.49 eV (4)
This reaction follows the same route as that for the formation of HaNCH:2CO2, Iie.,
HSCH:CH(NH2)COs~ + 102 - RC1 — TS1— persulfoxide — hydroperoxide, except for the
last step at which the hydroperoxide dissociates into a product-like complex PC1 by
breaking the peroxide bond. A transition state TS2 has been located between the
hydroperoxide and PC1 with an energy barrier of 0.37 eV above the hydroperoxide (see
Figure 6.3). PC1 is bound by 0.42 eV with respect to the dissociation products, and no
reverse barrier separates this product-like complex from OSCH2CH(NH2)CO2 + OH. Based

on the reaction coordinate, HaNCH2CO2~ and OSCH:CH(NH2)COz are simply two
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competing channels originating from the decay of the same set of intermediate complexes,
1.e. persulfoxide and/or hydroperoxide. However, despite the fact that the product channel
of OSCH:CH(NH2)CO: is considerably more energetically favorable than that of
H:NCH2COg-, this channel is insignificant over all collision energies. This discrepancy is
not surprising, considering that my calculated PES follows an adiabatic process and is
restricted to the singlet state. In reality, two electronic states contribute to the PES, ie.,
the system goes from a singlet to a triplet state as the products HRONCH2CO2~ + CHsaS + 302
separate after dissociative excitation transfer.

Product ion of m/z 118 is another interesting channel, corresponding to the abstraction
of two H atoms from HSCH:CH(NH2)COz~ by 102 to form hydrogen peroxide, and is
therefore referred to as H2T reaction. Based on H2T reactions of other amino acids,?” there
might exist concerted H2T mechanisms that are difficult to predict using chemical
intuitions only. I thus chose to treat the system using quasi-classical, direct dynamics
trajectory simulations, where the motion of molecules is followed, allowing the molecules to
show us what the preferred reaction pathways are. Trajectory results are discussed in the
last section. By following the variations of chemical bonds and potential energies during
trajectories, I was able to identify a lower energy pathway for H2T which corresponds to

HSCH:CH(NH2)COz + 102 - HSCH:C(NH)CO2~ + H202  AHixn =-2.03 eV (5)

As indicated in the left portion of Figure 6.3, complex RC2 goes through two consecutive
TSs (TS3a and TS3b). At TS3a, which corresponds to a barrier slightly above RC2, the H
atom of -CeH is transferred to the Oz moiety. The path from TS3a leads to TS3b, in which
the second H atom is transferred from -NHz to the other end of the Oz moiety, leading to a
product-like complex PC2 of which two O-H bonds of hydrogen peroxide are fully formed.

The calculated reaction coordinate reflects a mainly sequential mechanism, and the rate-
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limiting step is clearly the transfer of the first H atom as the path from TS3a to TS3b is
downhill. But this mechanism has some character of a concerted reaction since there is no
complex located between two T'Ss, which has been verified by my trajectories.

6.3.4 Direct dynamics trajectory simulations

A total of 100 trajectories were completed at Fwl = 0.2 eV and b = 0.1 A using the
B3LYP/4-31G(d) level of theory. Nearly 10% of collisions either form a persulfoxide and/or
hydroperoxide, or eliminate HzOs2. Remaining trajectories belong to nonreactive collisions,

Le., fly by without forming long-lasting complexes within the simulation time (~3 ps).
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Figure 6.4 A representative plot of nonreactive trajectories at Fo = 0.2 eV, showing the

variations of potential energy and center-of-mass distance between HSCH2CH(NH32)CO2-
and 'Oz moieties during the trajectory.

Figures 6.4, 6.5 and 6.6 demonstrate trajectories representative of nonreactive and
reactive collisions of HSCH2:CH(NH2)CO2~ + 102, respectively. The plots show the changes of
CM distances and potential energy (PE) along the trajectory simulation time. The CM
distance 1s the distance between the centers of mass of the collision partners. Figure 6.4
shows a direct, nonreactive scattering, with only one turning point in the relative motion of
the reactant centers of mass, I.e., there is no sign of mediation by a complex in this collision.

The time scale of the collision is somewhat arbitrary, but three numbers are relevant. The
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time between the start of trajectory and the onset of strong interaction, which depends on
reactant orientation, is around 200 fs. The time for reactant approach within 5 A of CM
distance 1s around 300 fs. More importantly, the time period during which
HSCH:CH(NH2)CO2~ and 102 interact strongly is around 100 fs, as shown by a potential
energy spike beginning at t = 300 fs. During the trajectory, potential energy fluctuates due

to the vibrational motions of reactants.

Distance (A)

CM distance

r(S-0)

Distance (A)

0 500 1000 1500

Trajectory Time (fs)
Figure 6.5 A representative plot of complex-forming trajectories at w1 = 0.2 eV, (top) the
variations of potential energy and center-of-mass distance between HSCH:CH(NH2)CO2-
and 102 moieties, and (bottom) the variations of various bond lengths during the trajectory.

Figure 6.5 illustrates a complex-forming trajectory, with the similar reactant approach
time as that for the nonreactive trajectory shown in Figure 6.4. The top frame of Figure 6.5
shows the changes of CM distance and potential energy, and the bottom frame shows the
r(S-0), r(O-H), r(S-H) and r(N-H) bond lengths forming or breaking in the reaction. The
high frequency oscillations of r(S-0), r(O-H), r(S-H) and r(N-H) reflect the vibrations of the

reactants or products. This trajectory initially forms a loosely bound complex as shown by
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the decrease of the CM distance to less than 4.5 A staring at 215 fs. This is followed by the
formation of a persulfoxide via transfer of a H atom from the S atom to the N atom, as
illustrated by the abrupt increase of r(S-H) and decrease of r(N-H) at 350 fs. The large-
amplitude, low frequency oscillations of r(S-O) reflects the interconversion between the
weakly bound complex RC and covalently bound persulfoxide. At 1,350 fs, the persulfoxide
converges to a hydroperoxide as the H atom travels again from the N atom to the peroxide
group, as indicated by the simultaneous breaking of r(N-H) and forming of r(O-H) at that
time point. The trajectory follows the reaction coordinate described in the right portion of
Figure 6.3 until the formation of persulfoxide and hydroperoxide. In agreement with the

PES in Figure 6.3, no obvious potential barrier was observed during the formation of these

complexes.
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Figure 6.6 Representative plots of H2T trajectories at Fwl = 0.2 eV, (top) the variations of
potential energy and center-of-mass distance between reactants or products, and (bottom)
the variations of various bond lengths during the trajectory. Fig. a) shows a concerted
mechanism for abstraction of two H atoms, while b) shows a sequential mechanism for
abstraction of two H atoms.
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It was found that all persulfoxide/hydroperoxide complexes formed in trajectories did
not decay back to the reactants before the termination of the trajectories (typically 2 — 3 ps).
This suggests that the lifetime of the complex is at least no less than the trajectory time.
For comparison, the classical rotational period of a complex estimated using the average
angular momentum is 2.9 ps at Fe = 0.2 eV. The fly-by time, taken as the time required for
5 A motion at the relative speed of reactants, is 0.4 ps at Feol = 0.2 V. The fly-by time gives
a measure of how long a direct collision would last at the same collision energy. Clearly, the
complex lifetime is significantly longer than the fly-by time, and comparable to the complex
rotational period. Note that the quasi-classical trajectory method used is not applicable to
nonadiabatic collisions, i.e., it does not allow transitions from a singlet to a triplet state.
Therefore, trajectories cannot reproduce the "spin-forbidden” dissociative excitation
transfer. But trajectories provide information concerning the early time dynamics where
the electron spin of the reactants remains conserved, and more importantly, confirming the
complex mediation in the reaction.

Finally, two H2T trajectories are illustrated in Figure 6.6. The r(Ce-H), r(N-H) and two
r(O-H) plotted in the figure correspond to the C*-H and N-H bonds being broken in
HSCH:C<“H(NH2)CO2-, and the two new O-H bonds being formed in the product H:Os.
Figure 6.6a shows a concerted H2T trajectory, where the C+-H and N-H bonds break
simultaneously and the two new O-H bonds form at the same time. Figure 6.6b shows a
sequential H2T trajectory, where the first H atom is transferred from C¢ to Oz and around
100 fs later the second H is transferred from N to O2. These two trajectories together
demonstrate the partial concerted nature of the H2T mechanism proposed in Figure 6.3.
For both H2T trajectories, the reactants have repeated encounters after their initial

collisions and remain close to each other. Actual abstraction of two H atoms occurs around
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500 to 1,500 fs after initial collisions. This implies that a complex-mediated mechanism is
necessary for H2T, as described in the H2T reaction coordinate (see Figure 6.3).

Note that H2T reactions are only observed in trajectories where the collision geometry
allows simultaneous rupture of Ce-H and N-H bonds in the backbone of cysteine while
forming the two O-H bonds in H202. Such a complicated process could occur only in
collisions with "O: in parallel to the two H atoms being abstracted”, re., Oz in close
proximity and in parallel to CeH*-NH". This restricted confinement may explain that few
collisions could ultimately lead to H2T. On the other hand, the thiol group of cysteine
locates at the end of the molecule, leaving more space for Oz attack. This rationalizes that
the trajectory calculated probability for complex-forming reaction is a factor of 5 higher
than that of H2T at 5= 0.1 A.

6.4 Conclusion

In the present study, guided-ion-beam tandem mass spectrometry was employed to
determine the reaction products, cross sections and collision energy dependence for the
reaction of carboxylate anion of deprotonated Cys with Os:(alAg). DFT calculations were
carried out to identify the reaction coordinate (including reactants, intermediate complexes,
transition states, and products), investigate thermodynamics and energy barriers. Quasi-
classical, direct dynamics trajectory simulations were performed for collisions at o of 0.2
eV and b of 0.1 A. Trajectories demonstrate the importance of complex-mediated
mechanism for this system, and reveal a number of interesting dynamics features including
orientation dependence for various product channels and a partial concerted mechanism for
abstraction of two H atoms from cysteine by 102. By combining direct dynamics trajectory
simulations and reaction coordinate modeling, the reaction mechanism for this complicated

system 1is revealed. One interesting result is that the electronic excitation energy of 1Oz can
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be used to drive the dissociation of deprotonated Cys, yielding major product ion of
NH:CH:2COgz-, and the dissociative excitation energy transfer has to be mediated by
intermediate complexes.

It is interesting to note that at the early stage of the reaction, HSCH2CH(NH2)CO2 +
102 shows identical behavior as that of CysH* + 102.22 Both protonated and deprotonated
Cys form precursor complexes upon collisions with 02, and subsequently interconvert to
covalently bound persulfoxide and hydroperoxide complexes. The dissociation of
intermediate complex by excitation energy of 'Oz accounts for the major product channel for
both systems, albeit deprotonated Cys has slightly higher reaction efficiency with 102
compared to its protonated analogue. Resemblances also exist between trajectories results
calculated at the same Feol for these two systems, as both show the importance of complex-

mediation for reactive collisions.
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Appendix A

Standard Operating Procedure for the vacuum system of our mass spectrometer

Figure A.1 Front panel of interlock system

Al. To pump down the mass spectrometer, follow these procedures.

Hexapole Reactant Quadrupole Octapole lon Guide Product Quadrupole
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Figure A.2 Vacuum status of mass spectrometer — Off
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e Make sure cooling water is on and its pressure is > 35 psi.

e Make sure compressed air is on and its pressure is > 80 psi.

o Make sure chamber vent valve is closed.

e Turn on Safety Override.

e Push Start.

e Turn on all 5 mechanical pumps (MPs). Wait until the mechanical pump line
pressures drop below 30 mTorr, as indicated by five Granville-Phillips thermo
pressure gauges.

e Turn on all 4 Forelines. Make sure the vent valve of the turbo pump is closed. Turn
on Turbo Pump and all 3 diffusion pumps (DPs).

e Wait 1 hour for the DPs to heat up.
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Figure A.3 Vacuum status of mass spectrometer — during heating up of DPs

e * Turn off all 4 Forelines. Turn on Roughing and Source Valve simultaneously to let
MPs rough down the chambers to below 30 mTorr. Then open the valve between the

Baratron capacitance manometer and chamber.
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Figure A.4 Vacuum status of mass spectrometer — rough down the chambers using MPs

e Turn off Roughing, but leave Source Valve on.
e Turn on all 4 Forelines again.
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Figure A.5 Vacuum status of mass spectrometer — just before gates are open

e Make sure all foreline pressures are below 30 mTorr. Then turn on 4 Gates.
e Turn off Safety Override.

e Turn on all ion gauges and Baratron manometer controller.
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e When the source chamber pressure drops below 50 mTorr, close the source valve and
turn off MP1 during standby mode. The source chamber can be differentially
pumped by the turbo pump through chamber #2, and maintains a pressure below 10
mTorr.

e Before experiments, turn on MP1 and the source valve.
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Figure A.6 Vacuum status of mass spectrometer — during experiments

Caution! Never operate the chamber vent valve during working condition.

A2. To shut down vacuum pumping system and vent the mass spectrometer, follow these
procedures.

e Turn off all high voltage devices. Turn off MS Power.

e Turn off EyeSys gauge and 3 ion gauges.

e (Close Baratron valve, and turn off Baratron manometer controller.

e Turn on Safety Override.

e Turn off all 4 Gates. Turn off Source Valve.
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e Turn off Turbo and Foreline #2 simultaneously.
Turn off all 3 DPs, but leave Forelines #3/#4/#5 on.

e Wait 1 hour for DPs to cool down.

e Turn off Forelines 3/4/5 and all 5 MPs.

e Push Killbutton.

o Turn off Safety Override.

e Open the vent valve located on top flange of chamber 4, vent the chambers with
nitrogen gas.

In case alarm beeps, immediately turn off MS Power, all Gates and 3 ion gauges, and

call supervisor.

In an emergency, push KILL button with no hesitation and call supervisor.

A3. In need of venting chambers without turning off pumps, follow these procedures.

e Turn off all ion gauges, Baratron valve and Baratron manometer controller.
e Check all high voltages are off. Turn off MS Power.

e Turn on Safety Override.

e Turn off all Gates.

e Turn off Source Valve.

e Vent the chamber with No.

e To pump down, start from the step marked with an asterisk in starting up procedure.
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Appendix B

Standard experimental procedure of mass spectrometer

1.

2.

Turn on MP1 and open the source valve.
Turn off Ion Gauge 3, 4, 5.
Clean the nozzle to be used with anhydrous ethanol, and dry it with compressed air.

Turn on Safety Override. Replace entrance cap with the nozzle.

Change set point 1 of convectron gauge #1 (-100 mTorr = -3 Torr)
and convectron gauge #2 (-30 mTorr = -300 mTorr)

Turn off Safety Override. The interlock system takes effect!

Turn on power supply of capillary heating wire.

Turn on temperature meter and press button to monitor the temperature
continuously.

Turn on MS Power. Turn on MS Ctrl Boxes 1 & 2.

Switch “Mass Command” to manual mode (i.e., downside) on the two MS Ctrl Boxes.
Turn on both MS filter RF/DC power supplies, and warm up for 1 hour before
experiments.

While warming up the MS RF/DC power supplies, prepare ESI sample solutions. Refill
syringe with sample solution. Mount syringe to the syringe infusion pump, set the flow
rate to 0.03 — 0.06 ml/h, then press RUN.

Wait the capillary temperature rises to ~150 °C.

Replace the ESI needle in position. The distance between needle and nozzle is 0.5 — 1.0
cm.

Turn on monitor, camera, and luminator for monitoring ESI (~50% lumens).

Turn on ESI high voltage. Gradually tune up high voltage (2 — 3 kV) to obtain a stable
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electrospray.
If ESI spray is unstable, turn ESI high voltage off, and replace a new ESI needle/sleeve.
10. Turn on Hex RF oscillator, Hex HV, Oct RF oscillator, Oct HV, Rack Power for all
electronic optical lenses, Detector HV & Deflector.
11. Run LabVIEW program (MassScan.vi or IMR.vi), and toggle “mass command” switches
on the MS Ctrl Boxes to computer mode (i.e. upper side).

12. Perform experiments.
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Appendix C

Chemicals and gases

Molar mass

Name (g+ mol) Purity Manufacturer
L-arginine 174.2 >98.5% Sigma Aldrich
L-aspartic acid 133.1 >99% Sigma Aldrich
L-cysteine 121.2 100.1% EMD Chemicals
L-cysteine 0
hydrochloride 157.7 >99.0% Fluka
Dioctyl sodium
sulfosuccinate 444.56 >99.0% Fluka
(NaAOT
C20H37NaO~S)

Glycine 75.1 >99% Sigma Aldrich
Anhydrous hexane 86.2 95% Sigma-Aldrich
Methanol 32.0 HPLC grade Fisher Chemicals
B-naphthol 144.2 99% Sigma Aldrich
Phenol 94.1 99% Alfa Aesar
Phloretic acid 166.2 98% Sigma Aldrich
L-proline 115.1 >99.5% Sigma Aldrich
Sodium hydroxide 40.0 >97% Fisher Chemicals
L-tryptophan 204.2 99% Sigma Aldrich
L-tyrosine 181.2 >99% Sigma Aldrich
Water 18.0 HPLC grade Fisher Chemicals
Argon gas 39.9 99.99% T. W. Smith
Oxygen gas 16.0 99.99% T. W. Smith
Xenon gas 131.3 99.995% Spectra Gases
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