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ABSTRACT

The research described in the following dissertation focuses on the use of ESI
FT-ICR mass spectrometry for the analysis of complex environmental systems. The
projects we have chosen are multidisciplinary by design including the fields of
analytical, physical, inorganic, environmental and biochemistry. To begin with, the
unique fragmentation pathways resulting from oxidative stress to angiotensin II are
characterized using surfaced induced dissociation, RRKM modeling and molecular
dynamics calculations. The final chapters focus on the study of metal sulfide
nucleation in aqueous environments using thiol capping agents to interrupt particle

growth and gas phase ion-molecule reactions of metal salt clusters with hydrogen

sulfide.

The gas phase fragmentation reactions of singly charged angiotensin II (AnglI,
DR'VYIHPF) and the ozonolysis products Angll+O (DR'VY'IHPF), Angll+30
(DR'VYIH'PF), and Angll+40 (DR'VY'TH PF) were studied using SID FT-ICR
mass spectrometry, RRKM modeling, and molecular dynamics. Oxidation of Tyr
(Angll+O) leads to a low-energy charge-remote selective fragmentation channel
resulting in the by fragment ion. Modification of His (Angll+30 and Angll+40) leads
to a series of new selective dissociation channels. For Angll+30 and Angll+40, the

formation of [MH+30]"-45 and [MH+30]"-71 are driven by charge-remote processes

xvil



while it is suggested that bs and [MH+30]"-88 fragments are a result of charge-
directed reactions. Energy-resolved SID experiments and RRKM modeling provide
threshold energies and activation entropies for the lowest energy fragmentation
channel for each of the parent ions. Fragmentation of the ozonolysis products was
found to be controlled by entropic effects. Mechanisms are proposed for each of the
new dissociation pathways based on the energies and entropies of activation and

parent ion conformations sampled using molecular dynamics.

Developed through collaboration with the College of Marine Studies, our focus
shifted to the study of metal sulfide clusters. The initial experiments include the
observation of metal salt cluster growth in solution using ESI mass spectrometry.
Relative intensities of the observed clusters ([Cdx(NO3)ax+1]-, X = 1-5) shift to larger
clusters following dilution of aqueous solutions with methanol. The time-dependent
variance in the relative signal intensity is evidence of salt nucleation in water-
methanol binary solvent systems suggesting larger clusters may persist in low

dielectric constant solutions as found in supercritical aquatic systems.

With the methodology in place to effectively elecrospray cadmium salt
clusters, observing metal sulfide cluster formation became the primary focus. The
first approach was to use capping agents to interrupt particle growth at various stages
of nucleation. Sulfidic metal clusters were observed for reactions of cadmium nitrate

with hydrogen sulfide using 2-mercaptopyridine as a molecular capping agent. While
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NOs ligands were substituted by sulfate for larger clusters ([Cdx(NO3)ax+1]-, X = 2-5),

no reaction products were observed for the single cadmium nitrate complex.

Finally, gas phase ion-molecule reactions between metal salt clusters and
hydrogen sulfide were used to understand metal sulfide cluster formation. A
simplified sequential pseudo first-order kinetic model was used to describe reactions.
Anionic clusters were shown to react with low reaction efficiencies (k./k. < 5%) with
the exception of [Cds(CH3COO)9] which displayed enhanced reactivity following
formation of the [CdsS(CH3;COO);] intermediate. No reaction products were
observed for any anionic cadmium chloride cluster. Large cationic cadmium acetate
clusters ([Cdx(CH3COO)x.1]", x = 2-4) were shown to react fast initially with greatly
reduced efficiencies as the reaction proceeds. All other metal salt solutions
(Cd(NOs),, CdCl, and ZnCl,) generate solvated single metal complexes which react
with H,S to form bisulfide species. While an increase in the number of solvent
molecules causes a decrease in reaction efficiencies, solvent molecules persist
throughout the reaction suggesting they play no role in the mechanism of metal sulfide
formation. Additionally, counter ions were shown to affect reaction rates with

NO;3; > OH > CI in terms of reaction efficiency.
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Chapter 1

OVERVIEW

The research described herein focuses on the utilization of ESI FT-ICR
mass spectrometry for the analysis of complex environmental systems. It is a
chronological account of my studies in the Department of Chemistry and Biochemistry
at the University of Delaware. I begin with the study of the effects oxidation has on
fragmentation patterns of peptides. The aim of this project was to elucidate the
mechanisms for the new selective fragments resulting from peptide ozonolysis. I then
transition to my work with environmentally significant metal sulfide clusters. The
project was a collaborative effort to characterize metal sulfide nucleation mechanisms
using a combination of solution based capping experiments and gas phase ion-
molecule reactions. These research projects take advantage of the powerful
capabilities of FT-ICR mass spectrometry and apply them to unique environmentally

significant questions. Here I outline the work presented in this dissertation.

Applications of FT-ICR mass spectrometry is the comprehensive theme of
my work, therefore, a discussion of the fundamentals of the technique is essential. In
Chapter 2 I begin with a description of ion motion in a uniform magnetic field and
how the trapped ions are manipulated throughout the experiment. An explanation of
the advantages of FT-ICR are also provided. The mechanism of electrospray

ionization is outlined followed by descriptions of the instruments used for this work.



The elucidation of fragmentation patterns for oxidized peptides is covered
in Chapter 3. The unique low-energy unimolecular dissociation mechanisms for
peptide ozonolysis reaction products are characterized using a combination of
experimental and computational chemistry. Following a discussion on significance
and background, the selective fragmentation channels for each of the peptide oxidation
products is described. Energy-resolved SID data is then used for onset energy analysis
and RRKM modeling. Finally, molecular dynamics experiments were done to

understand the conformational restrictions of the proposed fragmentation mechanisms.

Chapter 4 marks the beginning of a series of chapters covering my work
with environmentally significant metal sulfide clusters. The importance of metal
sulfide species is established followed by essential definitions of complexes, clusters
and particles. Our work using ESI FT-ICR mass spectrometry is also placed in the
larger framework of the overall collaborative project with Dr. George Luther’s group

in the College of Marine Studies at the University of Delaware.

In Chapter 5 I demonstrate the ability of ESI mass spectrometry monitor
metal salt nucleation in low dielectric constant binary water-methanol solutions.
Time-dependent sampling is used to monitor signal variance following dilution of
aqueous salt solutions with methanol. This work is placed in an environmental
context and is the foundation for later studies of metal salt cluster reactions with

hydrogen sulfide.

ESI FT-ICR mass spectrometry analysis of thiol capped metal sulfide
clusters is described in Chapter 6. I demonstrate the ability of ESI mass spectrometry

to detect sulfidic metal clusters following reaction with hydrogen sulfide using



2-mercaptopyridine as a molecular capping agent. Additionally, the connectivity
between solution phase chemistry and the gas phase ion-molecule reactions between

metal salt clusters and hydrogen sulfide is established.

Chapter 7 presents results from the gas phase ion-molecule reactions of
metal salt clusters and hydrogen sulfide. Reaction efficiencies are determined for a
number of cationic and anionic systems using a simplified pseudo first-order kinetic
model. The first of their kind, these experiments provide unique perspective on the
characterization of metal sulfide nucleation mechanisms. Comparisons are made
based on metal ion, ligating species, and number of solvent molecules. This technique

provides important kinetic data on the formation of metal sulfide clusters.

Finally, I end with an overview of my work and thoughts on how this
research fits into larger applications in Chapter 8. The Appendices of this dissertation
include experimental details such as example spectra and Mathematica results.
Additionally, included is a problem-based learning activity I developed during my
time as a member of the Graduate Teaching Fellows Program in K-12 Education (GK-
12) at the University of Delaware (See Appendix A). Designed for high school
physical science classes, students learn about hydrothermal vents while being
introduced to topics such as the difference between physical and chemical properties,
chemical bonding and energy transfer in environmental systems. The problem is
published through the Problem-Based Learning Clearinghouse which can be found at
www.udel.edu/pblc. I felt it was appropriate to include with this work, not only based
on content, but also because of the priority I placed on developing my skills as an

educator during my time at the University of Delaware.



Chapter 2

METHODS
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2.1 FT-ICR Mass Spectrometry

The entirety of the work reported herein utilizes Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS or FT-MS) for the analysis of
environmentally relevant systems. FT-ICR mass spectrometry has a rich history
stemming from experiments done by Lawrence in 1930 in which the theory of ion
cyclotron resonance was developed to understand fundamental properties of the atom
[1]. In the late 1970’s, with the application of Fourier transform techniques to ICR, the
method gained popularity with increased mass resolution and mass range [2,3].
Modern FT-ICR instruments provide superior resolving power (>500,000) and mass
accuracy (<l ppm) in comparison to other mass analyzers resulting in increased
popularity and a variety of new applications as highlighted in a number of recent
reviews [4-12]. In addition to ultra-high performance, FT-ICR mass spectrometers
have the unique ability to act as a gas phase ‘beaker’ by being able trap ions for long

periods of time. It is precisely the nondestructive trapping nature of the technique in



combination with ultra-high performance that makes it ideal for studying unimolecular
dissociation reactions of charged peptides and gas phase ion-molecule reactions of

metal sulfide clusters.

At the most basic level, all FT-ICR mass spectrometers consist of a
magnet and an ICR analyzer cell. There have been a number of reviews written on the
fundamentals of the instrument [13-15]. Modern instruments, for the most part, use a
superconducting magnet to provide a stable magnetic field that is spatially uniform
throughout the ICR cell.  Superconducting magnets used for FT-ICR mass
spectrometry are solenoid magnets with wider bores in comparison to those used for
NMR spectroscopy. Although instruments can be found with a wide range of
magnetic field strengths, most instruments made today incorporate 7, 9.4 or 12 tesla

(9.4 tesla = 400 MHz for NMR) superconducting magnets.

Placed within the magnetic field is the ICR analyzer cell. Generally
speaking, the ICR cell consists of 6 plates configured in a cube or cylinder: two
trapping plates, two excitation plates and two detection plates (See Figure 2.1). As
ions are brought into the ICR cell along the z-axis (parallel to the direction of the
magnetic field) they are confined spatially within the x-y plane by the magnetic field
and are trapped along the z-axis using the two ‘trapping’ plates (grey) that are
perpendicular to the magnetic field. Initially, the front trapping plate is set to ground
potential while the back trapping plate is at a raised potential allowing the ions to enter
the cell. The ions are then trapped by raising the potential on the front trapping plate.
Once trapped, ions can be held for a specified time period before excitation and

detection as described below.
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Figure 2.1. A cylindrical ICR cell. Colored grey are the trapping plates which
confine the ions along the z-axis. The excitation and detection plates
are aligned parallel to the direction of the magnetic field. (Reproduced
from [9])

2.1.110on Cyclotron Mation

At the foundation of FT-ICR MS is the cyclotron motion of ions moving
in a unidirectional magnetic field. As shown in Figure 2.2, an ion in a spatially
uniform magnetic field will move in a circular orbit in the plane perpendicular to the
direction of the magnetic field. The Lorentz force (¥, Hz), which is perpendicular to
both the direction of the magnetic field and the direction of the velocity of the ion,
causes the ion to travel in this circular orbit [14]. Referred to as the cyclotron
frequency (f;), this periodic orbit is dependent on the strength of the magnetic field

(B), charge (g) and the mass of the ion (m) as seen in Equation 2.1 [14].
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This equation can be simplified to a more useful form

_ 1.535611x10’B
fC - my

Z

2.2

in which z represents the number of charges, B is the field in Tesla and m is the mass
of the ion in Dalton [13]. The cyclotron frequency of an ion is independent of kinetic
energy. In modern FT-ICR MS systems, the superconducting magnet provides a
stable and constant magnetic field allowing the mass-to-charge ratio of an ion (m/z) to
be determined with great precision and high resolution. In other mass spectrometers
resolution and accuracy depend on mechanical precision and the stability of electrical
power supplies. The stability of the magnet is a key reason for the high performance

of FT-ICR in comparison to other mass spectrometry detectors.



Cations

Figure 2.2. Cyclotron motion of an ion moving perpendicular to the
direction a magnetic field (B). The Lorentz force (Fy) is
an inward-directed force produced by the magnetic field
which drives the circular orbit of charged species.
Direction of orbiting ions is dependent on charge.
(Adapted from [16])

2.1.2 Kinetic Energy and Cyclotron Radii

Kinetic energy does, however, determine the orbital radius of the
cyclotron motion. If cyclotron frequency is converted to angular frequency
(w. = 27xf;), then by definition (Equation 2.3) there is a direct relationship between the
ion velocity perpendicular to the direction of the magnetic field in meters/second (vyy)

and cyclotron radius in meters () [13,14].

W, =—"=— 2.3

This equation can also be simplified
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in terms of mass-to-charge ratio (m/z) and magnetic field (B) [13]. lons that are
trapped with thermal kinetic energies will typically have cyclotron radii in the
micrometer range [14]. This can be demonstrated by looking at a straightforward
example. The average x-y translational energy of an ion at equilibrium with the

temperature of its environment is given by

m(vgy) ~k
2

T 2.5

where k is the Boltzmann constant and 7' is temperature in Kelvin. Solving for v,, and

substituting into Equation 2.4 results in the following relationship.

1.336510x10~°
r= - vmT 2.6
Z

Using this equation, it can be calculated that at room temperature a singularly charged
ion with a mass of 1000 u in a 7 tesla magnetic field will have a cyclotron radius of

104 pm.

This relationship between kinetic energy and cyclotron radius is taken
advantage of during quench, excitation, and fragmentation events (Figure 2.3). If a
sinusoidal (rf) voltage is applied to the excitation plates (See Figure 2.1) at the same
frequency as the cyclotron frequency of the trapped ions, energy will be absorbed by

the ions driving them outward as their velocities increase. In a quench event, typically



done immediately before the analyte ions are trapped in the ICR cell, the rf voltage is
applied for a long enough time period or with a great enough amplitude to cause the
ions to spiral outward until they collide with the cell plates where they are neutralized

and pumped away by the vacuum system (Figure 2.3).

UOLEIDOSSIC] PAONPU] UOISH[O )

Figure 2.3. Trapped ions can be excited to higher kinetic energies and larger
radii by applying rf voltages to the excitation plates (yellow) at the
same frequencies as the cyclotron frequency of the trapped ions. This
process can be used for quench events, fragmentation experiments or
as part of an excitation/detection sequence. Detection plates (blue)
monitor the image current of coherently orbiting excited ions.
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Excitation is also used to efficiently detect trapped ions in an ICR cell.
The initial radii of trapped ions, as discussed previously, are too small to efficiently
detect. Ions must first be excited to larger radii to bring them into phase and to move
them closer to the detection plates (See Figure 2.1). Similar to a quench event, a rf
voltage is applied to the excitation plates which drive the ions to larger radii. For
detection, however, the excitation time length and amplitude are set so that trapped
ions are not expelled from the trap (Figure 2.3). In addition to simply moving the ions
closer to the detection plates, this process also forces ions of like mass-to-charge ratios
into cohesive ion packets. When ions are trapped in the ICR cell the angular position
of trapped ions is randomly distributed in the plane perpendicular to the magnetic
field. Detecting ions in this state would result in an image current with effectively no
intensity being that every ion would have a ‘partner ion’ exactly 180° out of phase.
The excitation process alleviates this problem by forcing the ions into phase as
coherent ion packets. As an ion packet passes by one of the detection plates they draw
electrons towards that plate (assuming trapped cations). As the ions approach the
second detection plate, electrons are then drawn to it through the connecting circuit.
This sinusoidal current, referred to as the image current [17], is amplified and digitized
into a time domain signal or transient (image current vs. time). Using a Fourier
transform, the time domain signal is then converted into a frequency domain spectrum
(intensity vs. frequency) which can be converted into a mass spectrum (intensity vs.
m/z) using a simple calibration quadratic formula [18]. This process is highlighted in

Figure 2.4.
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Figure 2.4. Once excited, (a) ions generate an image current along the circuit
connecting the detection plates. This signal is amplified resulting in the (b)
transient signal which, following a Fourier Transform, a (c) frequency
domain spectrum is generated. A quadratic calibration equation is used to
convert to a (d) mass spectrum. (Reproduce from [18])

The ability to selectively increase an ion’s kinetic energy is also useful
when performing fragmentation experiments (Figure 2.3). After trapping the ions in
the ICR cell, selection of the precursor ion can be done by selectively ejecting all ions
with m/z values lower and higher than the ion of interest. Basically, the cyclotron
frequency of the ion of interest is left out of the rf voltages applied to the excitation
plates. Once isolated, the precursor ion can be excited to higher kinetic energies great

enough to induce fragmentation upon collision with a pulsed neutral gas such as
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argon. The kinetic energy (K.E.) of the excited ions can be calculated by rearranging

Equation 2.3 in terms of translational velocity, vy,.

mv2 2p2y2
K.E=—2=1 2.7
2 2m

This can be simplified to the following form [13].

_ 4.824265%x107z?B%r?
m

K.E. 2.8

where z is the unit charge, B is the magnetic field (Tesla), » is the cyclotron radius
(meters) and m is the mass of the ion (Daltons) [13]. After dissociation, the resulting
fragment ions are collisionally cooled and fall back to the center of the ICR cell

where, after the neutral gas is pumped away, they can be excited and detected.

2.1.3 High Performance M S

The fundamentals of how FT-ICR mass spectrometry is performed leads to a
unique set of advantages over other mass analyzers. A major advantage is the ability
to trap ions for long time periods and then detect all the ions at once. To detect ions
with different masses simultaneously all ions must first be excited using a broadband
excitation event. Typically this is done using a rapid frequency sweep (rf chirp) where
a frequency generator applies a series of r.f voltages to the excitation plates over the

desired frequencies. The adaptation of traditional ICR experiments to include Fourier

13



Transform data processing [2,3], which enabled multichannel detection, allows the
whole spectrum to be taken in the time it would take a non-FT system to record a
single point. Additionally, the range of ion cyclotron frequencies (kHz-MHz) are very
easy for modern electronics to process [14]. These advantages have led FT-ICR mass

spectrometry to the forefront of ultra-high resolution mass spectrometry.

Performance specifications of an instrumental technique can be
approached from many standpoints including dynamic range, resolution, resolving
power and mass accuracy. Dynamic range is the range in which ion signal is linear
with analyte concentration. Traditionally, resolution for FT-ICR mass spectrometry is
defined as the full width of a spectral peak at half-maximum of the peak height
(Amsgy,) and resolving power refers to m/Amsoy,. With a dynamic range of 10%-10°
[19], FT-ICR MS can produce results with mass resolution in the 10° range, resolving
power routinely greater than 500,000 and mass accuracy often better than 1 ppm.
Simply taking into consideration the cyclotron frequency of the analyte ion and

acquisition time in seconds (Zycqn)

m chacqln
Amso% 2

2.9

an estimation of the resolving power can be made. More accurate theoretical values
for resolution and resolving power, however, can be calculated using the following
equations for low pressure detection, where the ICR time-domain signal persists

throughout the acquisition period [13].

14
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Again, m is the mass of the ion in Daltons, z is the unit charge on the ion, B is the
magnetic field strength in Tesla, and 7, is the acquisition time in seconds. On the
other hand, experiments in which collisional damping reduces the ICR signal to
essentially zero are defined as high pressure experiments. For this case, theoretical

values for resolution and resolving power can be determined using Equations 2.12 and

2.13[13].
3.590x10"8m?
Amso% = T 2.12
damp
m__ 2.785x107 zBkgamp 213
Amsoy, m '

In these equations kyum, represents the collisional damping constant as defined by
Equation 2.14 where myeunq and m;,, are the masses of the neutral and ion (Da)

respectively [13].

1 _ Mnpeutral
Vcollision 2.14

kaamp MiontMneutral
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The number of ion-molecule collisions per second (Veoiision) can be determined using
collision capture theory [20]. If ion-molecule collisions resulted in reaction, then
number of ion-molecule collisions per second would be the same as a pseudo first-
order rate constant for a collision rate limited reaction. If the pressure in the ICR cell
1s known, then v..uso.n can be determined from the theoretical bimolecular rate

constant. Further explanation can be found in Section 2.1.4.

2.1.4 Gas Phase | on-M olecule Reactions

The FT-ICR mass spectrometer also has the unique advantage of being a
nondestructive ion trap capable of storing ions for hundreds of seconds. The ICR cell
can be equated to a gas phase ‘beaker’ that can monitor reactions between stored ions
and neutral gas phase reactants in real time. Gas phase ion-molecule reactions can be
used to understand complex solution processes [21]. In addition to being able to
isolate single reactant ions prior to reaction, gas phase reactions in a FT-ICR mass
spectrometer can be controlled so that reaction intermediates resulting from
elementary steps towards a final reaction product are often observed. Furthermore,
since the reactions are monitored in real time, kinetic information can be extracted.
The Ridge group has long been at the forefront in the field of gas phase ion-molecule
reactions [22-39] and the current contribution applies this insightful approach to the

field of environmental chemistry in the study of metal sulfide cluster formation.
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Kinetic studies of gas phase ion-molecule reactions using FT-ICR mass
spectrometry are done by exposing trapped ions to a neutral reactant gas held at
constant pressure for various reaction times in the ICR cell. The concentration of the
neutral gas, in this case H,S, is far greater than that of the trapped ions making [H,S]
effectively constant over the duration of the experiment justifying a pseudo first-order
approximation. The bimolecular rate constant (k2) and [H,S] can then be written as a

pseudo first-order rate constant (k1).

rate = kZ[Cluster][H,S] = k1[Cluster] 2.15

kl = kZ[H,S] 2.16

The reaction can then be kinetically described completely in terms of concentration for
the cadmium cluster reactant ion. To experimentally determine k1l the plot of the
relative intensity vs. time for the reactant can be fit using nonlinear regression to the
appropriate integrated rate equation. Generating integrated rate equations for complex
reaction schemes can prove troublesome, therefore, for simplicity and to maintain
consistency ionic cadmium clusters were grouped into ‘families’ of clusters based on
the number of sulfur atoms added (Sy) upon reaction with H,S(g). This treatment

allows for a simplistic approach

S, = le~kit 2.17
1
S = o (et —e7HY) 2.18
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using only sequential integrated rate equations (See Equations 2.17-2.20) to describe
the process of cadmium sulfide formation. It should be noted that because only one
isotope was monitored for each cluster and isotopic distributions can vary greatly with
the addition of multiple sulfur atoms, relative intensities were normalized using an

isotopic adjustment factor (/).

I __ X Theoretical Abd. for all Isotopes
S0 ™" Abd.of the Monitored Isotope

2.21

Collision capture theory can be used to determine the H,S reactant gas
pressure, as described by Ridge [20], by calculating the theoretical bimolecular rate
constant (kZ;;,,,) of a collision rate limited pseudo-first order process.

kx

=3
kcoll'n

[H,S] 2.22

The fastest observed pseudo first-order reaction (kI = 2.85 s™') between a cadmium

cluster and hydrogen sulfide
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Scheme 2.1

[Cd(NO;)(CH;0H)]" + H,S(g) Ew— [Cd(SH)(CH;0H)] +HNO;

ki =285+ 0.27s"
was assumed to be collision rate limited. The bimolecular collision rate can be

calculated using the relationship

K +0.509)?

2 (T/ﬁ
colln 09754 4+ = 0<1t< 2\/7 2.23
kL 10.526

where 7, a dimensionless parameter, can be defined by

1
P 1Y\ /2
T = 8511y, (ﬁ) 2.24
using the dipole moment (H,S: up’ = 0.97 D) and volume polarizability
(H,S: a’=3.67 A’). The Langevin rate constant (k;), which is directly proportional to

the number of charges on the ion (Z), can be calculated

1

k, =2.342Z (%) & 1072 cm®molecule™'s™? 2.25
using the volume polarizability of H,S and the reduced mass («’) of the ion and
neutral. In this case, for the reaction between H,S and [CA(NO;)(CH;OH)]"
(u’= 29.193 Da), the collision rate limited bimolecular rate constant is found to be
1.22x10” cm’molecule”’s™. Furthermore, the theoretical hydrogen sulfide pressure in
the ICR cell is calculated to be 6.62x10™ torr using Equation 2.15. It should be noted

that this exercise substantiates our initial assumption that the fastest pseudo first-order
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process for observed cadmium clusters (Scheme 2.1) is collision rate limited.
Although the UHV instrument pressure reading is 4.0x10” torr for this reaction, it is
know that the gauge is inaccurate by slightly more than an order of magnitude when
the instrument is in the magnetic field. Therefore, The calculated H,S pressure of
6.62x107® torr and the assumption that the reaction of [Cd(NO3)(CH;OH)]" with H,S is

collision rate limited is reasonable.

For comparison between gas phase ion-molecule reactions, a more useful
measure than pseudo first-order or bimolecular rate constants is reaction efficiency
(k/k.). The reaction efficiency for a given process can be defined as the probability of
a single collision leading to reaction product(s). With the assumption that the reaction
of [CA(NO;)(CH;0H)]" with H,S is 100% efficient (k/k. =1.00), a simple equation can

be written

, 1
k ki Uy /2 4x10~%torr
— = — 2.26
k.  2.85s 1 \29.19 Da P,

to calculate efficiencies for reactions with H,S using experimentally determined
pseudo first-order rate constants (ki) and taking into consideration differences in
reduced mass (¢ ’x) and H,S pressure (P,). It should be noted that because the highest
experimental error was observed for the collision rate limited process (2.85+0.27 s™)

no calculated efficiency can have better than ~10% accuracy using Equation 2.19.
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2.2 Electrospray | onization

Ionization is essential for the manipulation and analysis of chemical
species using mass spectrometry. The entirety of the work described herein was done
using electrospray ionization in combination with FT-ICR mass spectrometry.
Electrospray ionization (ESI), introduced in 1945 by Yamashita and Fenn [40,41], is
referred to as a ‘soft’ ionization technique which is capable of transferring both
covalently and non-covalently bound species to the gas phase without inducing
dissociation upon ionization (Figure 2.5). Electrospray ionization is done by forcing a
liquid, consisting of the analyte and solvent, through a conducting capillary. The
potential applied to the capillary (~2-3 kV) causes charge separation in solution
resulting in the formation of a “Taylor cone” at the tip of the capillary [42]. If the
voltage is above a certain threshold, the Taylor cone will emit a jet of charged liquid
droplets initiating the electrospray ionization process. Much work has been done to
understand the mechanism for the transfer of ions from solution to the gas phase by
this process [43-53]. It has been found that as the large highly-charged initial droplets
begin to evaporate, the droplet is distorted as thin protrusions form. Secondary
droplets are ejected from the tip of the protrusions in a similar process of that observed
for Taylor cones. This sequence repeats itself until nanometer-sized droplets are
formed at which time there is some debate as to the final steps of the mechanism by

which gas phase ions are produced.
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The two competing theories for final transfer of ions to the gas phase is
the charge residue model (CRM) and the ion evaporation model (IEM) [54]. The
charged residue model, originally put forth by Dole [55], suggests that solvent
evaporation causes instability in the secondary droplets resulting in “Coulombic
explosions.” Ultimately, this mechanism produces a droplet with a single analyte
molecule and residual charge. Free gas phase ions are produced as the remaining
solvent evaporates and the analyte retains the droplet’s charge. On the other hand,
Iribarne and Thomson have proposed the ion evaporation model [56,57]. They
proposed that as droplets become smaller the surface fields become strong enough to
overcome solvation forces and transfer anlyte ions from the droplet surface into the
gas phase. Although there has been much debate over which mechanism is more
accurate, recently there has been a certain level of compromise [43,58]. It is now
believed that smaller ions may enter the gas phase via the ion evaporation model
[58,59]while the inability of larger ions to desorb from the surface of droplets leads to

the charge residue mechanism [60-62].

2.3 Instrumentation

2.3.1PNNL 6T FT-ICRMS

The collaborative research project with Julia Laskin at Pacific Northwest
National Laboratory involving fragmentation energetics of Angiotensin II was done
using their specially fabricated 6 tesla FT-ICR mass spectrometer shown in Figure 2.6

[63]. The instrument has been specially designed to produce time- and energy-

23



resolved Surface Induced Dissociation (SID) spectra. lons are produced using
electrospray ionization (ESI emitter, 2.2 kV) at atmospheric pressure (Section 2.2) and
enter through a heated stainless steel capillary (150 °C). lons are efficiently
transferred into the high vacuum region and focused into a beam using an
electrodynamic ion funnel [64]. The ion beam then passes through a series of
quadrupoles used for collisional focusing, mass selection and ion accumulation
referred to as the Ion Source Region. Typical accumulation times range from 0.1-0.3
seconds, and accumulation is done at elevated pressure (2x10° Torr) to allow
internally excited ions to collisionally relax prior to entering the ICR cell. Ions are
then extracted from the accumulation quadrupole and enter the ICR cell where they
collide with the SID surface in MS/MS experiments. After collision, ions are captured
by raising the trapping potentials (10-20 V). Ion collision energy is determined by the
difference in potential between the accumulation quadrupole and the rear trapping

plate of the ICR cell.
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in combination with FT-ICR mass

Surface Induced Dissociation

One of the more

spectrometry is particularly advantageous for a number of reasons.

simplistic dissociation techniques, SID is performed by simply colliding ions with a
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surface and observing the resulting fragments. In comparison to other collisional
fragmentation techniques such as SORI-CID (See Section 2.3.2), large amounts of
energy can be deposited into a molecule in a very short time. The distribution of
internal energies of ions colliding with a surface is also much narrower than that of
other techniques [65]. Additionally, sampling time is greatly reduced in SID because
there is no introduction of a collision gas and subsequent removal of the gas prior to
detection. SID experiments were done using a surface composed of a 2 um film of
carbon vapor deposited diamond on a titanium surface prepared by P1 Diamond Inc.
In addition to varying the SID collision energy, time-resolved data can also be
recorded by adjusting the delay time between collision with the surface and detection.
The generated time- and energy-resolved parent ion survival curves can then be
modeled using RRKM theory to gain insight into the energetics of the observed
fragmentation channels. These calculations, done by Julia Laskin, will be described in

more detail in Section 3.1.1.

2.3.2Bruker 7T Apex Qe FT-ICRMS

All the work done involving cadmium clusters, both solution experiments
and gas phase ion-molecule reactions, were done using a 7 tesla Bruker Apex Qe FT-
ICR mass spectrometer, as seen in Figure 2.7 (Bruker Daltonics, Billerica, MA). The
instrument can be simplified into four basic regions: the ions source, Qh interface, ion
transfer optics and the detector. From introduction to detection, the ions pass through

six pumping stages controlled by four turbo-molecular pumps (TP1-TP4) and two
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Under normal operating conditions, the ultra-high

mechanical roughing pumps.

vacuum (UHV) region is maintained at a pressure of ~5x107'° Torr.
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Ions produced by electrospray ionization (Section 2.2) at atmospheric
pressure are directed through a glass capillary into Vacuum Stage 1 by a significant
voltage differential (assuming cations: -3 kV). The ions are then directed orthogonally
into the first ion funnel where they are focused into a defined ion beam using a
combination of d.c. and rf voltages. The beam is decelerated and collisionally cooled
as they pass through the second ion funnel into the Source Hexapole. Although this
hexapole can be used to accumulate ions, in all experiments presented here it was used
simply as a guide to pass the ion beam along from the Ion Source region to the Qh

Interface.

The Qh Interface is a powerful aspect of the instrumental set-up allowing
for mass selection, accumulation, fragmentation and ion-molecule reactions to occur
before being trapped in the ICR cell. lons first pass through the Mass Selective
Quadrupole where, if necessary, a window of m/z values can be selected to continue
into the Collision Cell where they can be accumulated for a specified time. The
Collision Cell is typically at an elevated pressure of Argon (~1x107 Torr) so that if the
ions are brought into the cell gently (collision voltage: -2 to +1V) they are simply
stored (0.1-1.5 sec) and collisionally cooled. The Collision Cell voltage differential
can be adjusted (-2 to -10 V) to bring the ions into the cell more violently, fragmenting
the ions via collision-induced dissociation with Argon. Additionally, argon can be
exchanged for a reactant gas to carry out gas phase ion-molecule reactions in the
Collision Cell. There is little kinetic control over the reaction using this technique
because the pressure in the Collision Cell is orders of magnitude greater than that in

the ICR cell and introduction flow rates have minimal control. After accumulation in
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the Collision Cell, ions pass through a series of Transfer Ion Optics on their way to the

ICR cell.

The ICR cell is a cylindrical ion trap which confines ions axially using
two trapping electrodes (See Figure 2.1). Under normal conditions, once trapped, ions
are simply excited and detected. The instrument has the capability to perform
fragmentation experiments a number of ways within the ICR cell including Infrared
Multiphoton Dissociation (IRMPD), Electron Capture Dissociation (ECD) and
Sustained Off-Resonance Irradiation Collision Induced Dissociation (SORI-CID). For
IRMPD an infrared laser is directed through the center of the ICR cell through a
window on the back side of the vacuum chamber. If the trapped ions are able to
absorb at the IR frequency of the laser, they will absorb multiple photons causing them
to be excited to higher vibrational states until unimolecular dissociation occurs. If the
trapped ions are multiply protonated species then ECD can be used as a fragmentation
method. ECD is an electron-capture experiment where the trapped ions are bathed in
low energy electrons. Protons on the trapped ions can take on a free electron to form
highly reactive hydrogen radicals. The hydrogen radicals are then free to attack bonds
resulting in fast, localized, dissociation. Finally, SORI-CID is a fragmentation
technique in which off-resonance (500-2000 Hz) excitation is used in combination
with a short (~0.25 sec), high pressure collision gas pulse (Argon Peak Pressure:
~8x10® Torr) in the ICR cell. Both the amplitude of the off-resonance excitation
voltage (SORI Power: ~0.2%) and the collision gas pulse length can be specified.
Off-resonance excitation drives the radii of the cyclotron motion to expand and

contract (i.e. oscillating ion kinetic energy) as the excitation rf voltages goes in and
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out of phase with the cyclotron frequency. This process allows SORI-CID to induce

fragmentation by slowly increasing the internal energy through multiple collisions.

For kinetic ion-molecule reaction experiments (See Section 2.1.4), ions
can be stored for various time periods in the ICR cell at elevated pressures. Neutral
reactant gases are introduced through a high precision Variable Leak Valve that has
been added to the UHV Pulsed Valve Inlet. The reactant gas is introduced to the
system through an external reservoir that is typically filled to a pressure of ~5 Torr.
The pressure in the UHV region can then be raised to a constant reaction pressure,
typically in the 10” Torr range, by slowly leaking the contents of the reservoir using
the Variable Leak Valve. The instrument is operated as if performing a SORI-CID
experiment except for that the SORI power is set to 0%. The SORI pulse length
specifies the delay time that the ions are exposed to the neutral reactant gas prior to

detection. Kinetic experiments can be done by varying this delay time.
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Chapter 3

FRAGMENTATION PATTERNS OF OXIDIZED PEPTIDES ELUCIDATED
BY SID, RRKM MODELING, AND MOLECULAR DYNAMICS

20 30 10 50 60
SID Collision Voltage (eV)

3.1 Introduction

The possibility of detrimental human health and environmental effects
from ozone exposure [1-27] has prompted a number of studies of ozone oxidation of
amino acids and peptides [28-32]. Prolonged human exposure to high ozone levels
have shown to cause negative health effects including dry eye syndrome [19] and
decreased respiratory function [18]. Environmentally, ozone can cause degenerative
effects on animal lung function and plant health [12,13,25]. Spectroscopic studies
have found Met, Trp, Tyr, Cys, His, and Phe to be the most vulnerable to oxidation
after exposure to ozone in aqueous solution [29-32]. In addition, EST MS/MS

experiments of the ozone reaction products of single amino acids and small peptides
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were done to determine the resulting product structures of the oxidized amino acid

residues [28].

A recent study has addressed the rates of ozone oxidation and the
mechanism of ozonolysis in aqueous solution for angiotensin II (DRVYIHPF) and the
analogs DRVYIAPA and DRVAIHPA using mass spectrometry [33]. Although other
minor oxidation products were observed, the primary reaction products following
exposure to ozone were found to result in the addition of one oxygen atom to Tyr
(Angll+0O) and three oxygen atoms to His (Angll+30). MS/MS spectra for the
oxidation products exhibited some fragmentation processes that were distinct from the
usual patterns observed in peptides with acidic amino acid side chains [34]. It was
important to establish that the observed fragment ions were consistent with suggested
structures of the oxidized peptides. The present examination of the energetics and
dynamics of the collisional fragmentation of oxidized peptides is intended to provide a
basis for relating postulated structures of the oxidized peptides to the observed
MS/MS differences. Energetic and dynamic results of the kind reported here have not
been previously available for oxidized peptides, so the results may facilitate studies of
peptide oxidation by improving our ability to assign structures to the resulting

oxidized peptides.

Elucidation of the collisional fragmentation patterns of oxidized peptides
also pertains to a protein characterization method referred to as oxidative footprinting
[35-47]. In this technique three-dimensional structures and conformational changes of
proteins and protein complexes are examined by observing the oxidation reactivity of
the solvent accessible amino acid side chains. The experiment is designed so that the

time scale of oxidation exposure is shorter than the time necessary for major structural
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rearrangement. Following the oxidation reaction, the target protein is then analyzed
using traditional bottom-up proteomic methods in which the target undergoes
enzymatic cleavage and the resulting peptides are sequenced using MS/MS. Specific
information on the energetics and dynamics of oxidized peptide fragmentation could
be useful in using collisional fragmentation of digest fragments to locate oxidation

sites.

Qualitative studies of collisional fragmentation processes, even when the
collision energy is varied, do not provide such important energetic and dynamic
quantities as threshold energies and entropies of activation. These quantities can only
come from measurements of rate constants as a function of internal energy. The
results reported here were obtained using a unique method which combines energy-
resolved Surface Induced Dissociation (SID) and Fourier Transform Ion Cyclotron
Resonance Mass Spectrometry (FT-ICR MS). A packet of ions of selected
translational energy collides with a prepared surface at a known collision time. The
collisional reaction products are caught in the FT-ICR MS trap and sampled at known
reaction times. The determination of fragmentation rate constants as a function of
internal energy, and hence threshold energies and activation entropies from the
resulting data, has been described [48]. The methodology has been applied to the
dissociation reactions of a number of model peptides providing a context for the
present results [49-59]. Particularly relevant are results for the model peptides
LDIFSDF, LDIFSDFR, RLDIFSDF, and LEIFSEFR [56] as well as angiotensin II
(DRVYIHPF) and the relative analogs RVYIHPF, RVYIHAF, and RVYIHDF [55].
These studies provide particular insight into selective charge-remote fragmentations

involving aspartic acid amino acid residues. Dissociation thresholds (Eg) for charge-
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remote selective cleavages involving aspartic acid were found to be similar to E, for
nonselective charge-directed dissociation pathways. In addition, large negative
entropy values are observed for peptides with arginine residues due to the extensive
rearrangements associated with selective fragmentation mechanisms. Similarly,
arginine containing peptides with methionine sulfoxide modifications were found to
fragment selectively at the methionine sulfoxide in a charge-remote process associated
with a large negative activation entropy. Given the structures postulated for the
oxidized peptides, charge-remote mechanisms might account for several of the
unusual selective fragment ions observed for the ozonolysis reaction products of
angiotensin II. In the present study when a negative entropy of activation was
observed, suggesting a constrained transition state, molecular dynamics calculations
were done to probe primary ion conformations for the proposed structures of the
oxidation products that could lead to the observed fragmentation patterns. The
activation entropy and the molecular dynamics thus provided constraints on the
proposed mechanism that strengthen the validity of the assigned oxidized peptide

structure.

Applicable to the field of mass spectrometry for the analysis of both
environmentally significant biomolecular ozonolysis products and bioanalytically
significant protein-footprinting experiments, this study aims to build on the current
literature by addressing the need for understanding gas-phase dissociation mechanisms
of oxidized peptides during MS/MS experiments. Our focus is centered on how
oxidative stress, resulting in modification to Tyr and His residues, affect selective
fragmentation patterns of angiotensin II from an energetic and mechanistic

perspective.
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3.2 Experimental

Angiotensin II (DRVYIHPF) was purchased from Sigma-Aldrich (St.
Louis, MO) and HPLC grade acetonitrile and methanol were purchased from Fisher
Scientific (Fair Lawn, NJ). Aqueous peptide solutions (~143 uM) were prepared
using deionized water (Millipore, Bedford, MA). Oxidation reactions were conducted
by flowing ozone over peptide solutions for up to 21 min with a flow rate of
~1.2 L/min. Ozone was generated using an ozone generator model PZ5 (Prozone
International, Inc., Huntsville, Al). Peptide solutions were diluted 1:1 with methanol

or acetonitrile for electrospray experiments.

Analysis was done using a specially fabricated 6T FT-ICR mass
spectrometer (Pacific Northwest National Laboratory, Richland, WA). Ions are
produced using electrospray ionization (ESI emitter, 2.2 kV) at atmospheric pressure
and enter through a heated stainless steel capillary (270 V). An ion funnel [60] is then
used to efficiently transfer the ions to the high vacuum region of the instrument where
they pass through a series of quadrupoles used for collisional focusing, mass selection
and ion accumulation. The front plate of the funnel is kept at 270 V while the back
plate is set to 25-35 V. The dc offsets for the three quadrupoles are set to 15-25 V,
5-10 V and 2-6 V respectively. Typical accumulation times range from 0.1-0.3
seconds and is done at elevated pressure (2x10-3 Torr) to allow internally excited ions
to collisionally relax prior to entering the ICR cell. Ions are then extracted from the
accumulation quadrupole and enter the ICR cell where they collide with the SID
surface in MS/MS experiments. After collision, ions are captured by raising the
trapping potentials (10-20 V). Ion collision energy is determined by the difference in

potential between the accumulation quadrupole and the rear trapping plate of the ICR
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cell. SID experiments were done using a surface composed of a 2 um film of carbon
vapor deposited diamond on a titanium surface prepared by P1 Diamond Inc. (Santa
Clara, CA). A reaction delay of 1 s was used for fragmentation reactions over a range
of collision energies from 23-81 eV using 2 eV increments. Energy-resolved
fragmentation efficiency curves were generated from experimental mass spectra by
plotting the relative abundance of primary ions and the resulting fragment ions as a
function of collision energy. A more detailed description of the instrument can be
found elsewhere [61]. Given the known structures of the precursor ions, most of the
fragments can be unambiguously identified from their mass numbers. We note,
however, that the agreement between the observed and theoretical fragment masses is
consistent with the estimated 5 ppm accuracy of the calibrated mass scale of the SID

spectra.

3.2.1 RRKM Modeling

Collision energy-resolved fragmentation efficiency curves (FECs) were
modeled by Dr. Julia Laskin (Pacific Northwest National Laboratory, U.S. Department
of Energy, Richland, WA) using a previously discussed RRKM-based method
[62, 63]. Two dissociation rate constants were used for the total ion decomposition to

account for the slow and fast fragmentation, as indicated schematically below:

kﬂ)’ Time-dependent fragments
kfast . .
\ Time-independent fragments

MH"
ktotal:kslow+kfast
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Microcanonical rate constants as a function of internal energy for the slow
channel were calculated using the RRKM expression. For the fast reaction pathway
the rate-energy dependence is very sharp and is best described by a step-function

originating from the assumed threshold energy [57].

Fragmentation probability as a function of the internal energy of the

primary ion and the experimental observation time (¢,), F(E, t,), is given by:

— _(kmta (E)_km )tr
F(E,t)=e " ¢ 37

where k., is the rate constant for radiative cooling of the excited ion. The energy

deposition function was described by the following analytical expression:

(E-A) exp(—~(E-A)/ f(E,,;)) 32

P(E’Ecoll): C

where [/ and A are parameters, C = I'(I+1)[f(E..i)]I+1 is a normalization factor, and

J(Econ) has the form:
f(Ecoll) = A2E2coll + AIEcoll + AO 3.3

where A4y, A;, and A4, are parameters, and E.,; is the collision energy.
Finally, the normalized signal intensity for a particular reaction channel is given by the

equation:

I(E;)= [ F(E.)P(E,E,,)dE 34
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Collision energy-resolved survival curves were constructed using the
above procedure and compared to the experimental data. The energy deposition
function, based on time and energy-resolved FEC data of angiotensin II from previous
studies [56], was held constant for each oxidation product. Fitting parameters included
the critical energy and the activation entropy for the total decomposition of the
precursor ion. The quality of the fits was confirmed using sensitivity analysis

described previously [63].

Vibrational frequencies of precursor ions were obtained from the
frequency model provided by Christie and co-workers [64]. Vibrational frequencies
for the transition state were varied by adjusting vibrational frequencies for the
transition state which were estimated by removing one C-N stretch (reaction
coordinate) from the parent ion frequencies as well as adjusting all frequencies in the
range of 500-1000 cm™ to obtain the best fit with experimental data. The resulting

frequencies were used to calculate entropies of activation at 450 K.

3.2.2 Molecular Dynamics Calculations

Molecular dynamics calculations were done using the Insight II software
package from Biosym Technologies (San Diego, CA). Peptides were constructed
using the amino acid database of the Biopolymer module. Both the N- and C-terminus
of all peptides were capped with hydrogen atoms and left neutral. A proton was
placed on the most basic site (DR'VYIHPF) or as indicated below on a site
appropriate for a particular charge driven decomposition mechanism. Peptide
modification was done using the Fragment Library within the Biopolymer module.

Modification to the Tyr residue was done by replacing the appropriate hydrogen atom
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of the side chain with a hydroxyl group while His modification was done by
substituting an Ala residue for His and constructing the oxidized His" residue from Ala
using aldehyde and amide functionalities. Minimization and dynamics calculations
were performed using the Discover Module. Steepest decent minimization was done
for 1500 iterations using the CFF91 force field. Following minimization, molecular
dynamics experiments were performed at 400 K for 100,000 cycles (100 ps).
Intramolecular hydrogen bonds were observed by turning on the hydrogen bonding

feature using default parameters.

3.3 Results and Disscussion

3.3.1 Fragmentation Pathways

Singly charged ESI FT-ICR mass spectra of angiotensin II and the
oxidation products resulting from ozonolysis along with surface-induced dissociation
mass spectra (43 eV) for angiotensin II and the Angll+O, Angll+30, and Angll+40
adducts—DR'VYIHPF, DR'VY'IHPF, DR'VYIHPF, and DR'VY'IH PF—are
shown in Figure 3.1. Additionally, detailed peak lists for 60 eV spectra can be found
in Appendix B. The parent ion spectrum of the reaction solution shows the major
oxidation products to be Angll+O, Angll+30, and Angll+40 (Figure 3.1a). Accurate
mass measurements confirmed the molecular formula of each ozonolysis adduct. SID
data shows Angll and all oxidation products selectively fragment C-terminal to the
aspartic acid residue (D) forming the y7, y7+O, y-+30, and [y;+40]"-71 dissociation
products respectively (Figure 3.1b-d). Selective fragmentation C-terminal to acidic
residues (aspartic or glutamic acids) is typical of peptides when the number of ionizing

protons is less than or equal to the number of basic sites [34]. Modification to the Tyr
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residue, DRVY THPF (AnglI+0), results in the selective formation of the bs+O
(Figure 3.1c) ion while oxidation of the His residue, DRVYIH PF (AnglI+30), opens
selective fragmentation channels resulting in the formation of the [MH+30]"-45,
[MH+30]"-71, bs, and [MH+30]"-88 ions (Figure 3.1d). The AngII+40 oxidation
product fragments to form ions associated with modification to both Tyr and His,
DRVY TH PF, including the [MH+40]*-45, [MH+40]*-71, [MH+40]*-88, bs+O

and bs+O fragments.
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Unmodified angiotensin II selectively fragments to form the y; ion
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(Figure 3.1b). This cleavage has been rationalized in terms of the “mobile” proton
model [65, 66]. According to the model, arginine (R), being the most basic site on
the molecule, sequesters the single ionizing proton preventing unselective charge-
directed fragmentations at low collision energies. With the charge on the guanidine
functionality of the Arg” side chain, the acidic side chain of aspartic acid can induce
selective fragmentation through interaction with the peptide backbone. This common
dissociation pathway has been described mechanistically in a number of studies
[65-71].  According to one frequently proposed charge-remote fragmentation
mechanism involving Asp residues, the hydroxyl hydrogen of the aspartic acid side
chain can hydrogen bond with the carbonyl oxygen of the peptide backbone promoting
a cis-1,2-elimination reaction leading to backbone cleavage C-terminal to the acidic
side chain [66-68, 71]. In this mechanism the Asp residue plays no part in the
solvation of the charge sequestered on the Arg side chain (Scheme 3.1a).
Alternatively, others have proposed that the selective fragmentation C-terminal to
aspartic acid is driven by the formation of a salt bridge between the protonated Arg
residue and the Asp side chain [66, 69, 70]. This mechanism is still charge-remote
with the proton sequestered at the guanidine of the Arg” residue, however, the charge
is solvated by the Asp side chain resulting in an intramolecular salt-bridge
intermediate (Scheme 3.1b). In both cases, the charge remains with the protonated
Arg’ residue which is C-terminal to the dissociated peptide bond, resulting in a y-type
fragment ion. Aside from the y; fragment, the SID spectrum of Angll also shows a
significant peak resulting from the loss of water from the parent ion (MH'-H,0).

Additional peaks are a result of minor non-selective fragment ions.
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SID of the Angll+O oxidation product results in the selective formation of
the y7+0O and bs+O fragment ions (Figure 3.1c). As observed in unmodified AnglI,
the most basic site of the Angll+O adduct is Arg making it the most likely site to
accept the single ionizing proton resulting in charge-remote dissociation processes at
low energies. The y7+O ion, just as it is in unmodified Angll, is driven by the
interaction between the Asp sidechain and the peptide backbone. Addition of one
oxygen atom in the ozonolysis of Angll results from the oxidation of Tyr forming
3,4- or 2,4-dihydroxyphenylalanine [28]. The additional hydroxyl group of the
modified Tyr residue can mimic aspartic acid by interacting with the peptide
backbone C-terminal to the Tyr residue resulting in charge-remote dissociation of the
peptide bond between Tyr and Ile. This is shown in Scheme 3.2 and results in the
formation of the bs+O fragment ion. This mechanism parallels the process shown in
Scheme 3.1a for the formation of the y7 fragment. It is noteworthy that the Scheme
3.2 mechanism requires oxidation of the Tyr at the 2-position forming the
2,4-dihydroxyphenylalanine oxidation reaction product. A hydroxyl group at the

3-position could not interact with the peptide backbone C-terminal to Tyr*.
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The selective bs+O cleavage is pertinent to the two mechanisms shown in
Schemes 3.1a and 3.1b for charge-remote processes involving aspartic acid. The
modified Tyr residue, similarly to aspartic acid, can drive C-terminal charge-remote
dissociation mechanisms at low internal energies. However, unlike the Asp residue,
Tyr* cannot form a salt bridge with the protonated Arg" residue suggesting that the
salt-bridge intermediate is unnecessary for fragmentation C-terminal to Asp residues.
Other ions present in the 43 eV SID spectrum of Angll+O are the loss of water
([IMH+0"]-H,0), the internal fragment RVY+0O, and minor non-selective fragment

10ns.
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Fragmentation of the Angll+30 oxidation product results in the selective
formation of the y7+30, [MH+30]"-45, [MH+30]"-71, bs, and [MH+30]"-88 ions
(Figure 3.1d). Fragmentation patterns using SID are consistent with previous studies
that have shown the AnglI+30 ozonolysis product to stem primarily from oxidation of
the His residue in which three oxygen atoms are inserted into the side chain, opening
the His ring, finally resulting in the 2-amino-4-o0x0-4-(3-formylureido)butanoic acid
structure [28]. The most basic site on the DRVYIH'PF is still the Arg residue,
however, the modified His® side chain is also capable of delocalizing the charge
associated with protonation and might compete for the single ionizing proton. As in
the case of unmodified angiotensin II, the y7+30 fragmentation pathway is a charge
remote process resulting from acidic interaction between the hydroxyl hydrogen of the
aspartic acid side chain and the peptide backbone with the charge localized on either

the Arg or the His" residues.

Scheme 3.3 shows the proposed charge-remote mechanisms for the
formation of the [MH+30]"-45 and [MH+30]"-71 fragment ions. With the singly
ionizing proton sequestered by the Arg" residue, intramolecular hydrogen bonding can
occur within the His" side chain forming a hydrogen bond between the hydrogen atom
of the first amide group of the His" side chain relative to the peptide backbone and the
formyl oxygen atom of the His side chain. The proton can then be transferred,
breaking the peptide-like bond of the His side chain between the second carbonyl
carbon atom and the second amide nitrogen from the peptide backbone resulting in the
loss of neutral CH;NO and the formation of the [MH+30]"-45 fragment ion.

Similarly, a hydrogen bond can form within the His" side chain between the hydrogen
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atom of the second amide group and the oxygen atom of the first carbonyl group from
the peptide backbone. This interaction drives the dissociation of the peptide-like bond
between the nitrogen atom of the first amide nitrogen from the peptide backbone and
the carbon atom of the second carbonyl group. This fragmentation pathway producing

the [MH+30]"-71 ion loses neutral C;HNO,.

H
\ Scheme 3.3
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[MH+30]*-45
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As mentioned above, the relative basicity of oxidized His™ allows it to
compete with Arg for the single ionizing proton. It is proposed that as the collision

energy increases sufficient internal energy becomes available to transfer the ionizing
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proton to the modified His side chain opening charge-directed fragmentation
channels. Scheme 3.4 outlines the suggested mechanisms for the charge-directed
formation of the bs and [M H+30]"-88 fragment ions. Formation of the bs secondary
ion is driven by protonation of the first carbonyl oxygen of the His  side chain relative
to the peptide backbone. The proton can then be transferred to the amide nitrogen of
the peptide backbone N-terminal to the oxidized His  residue following the formation
of a five member ring and cleavage of the peptide bond between Ile and His . The C-
terminal side of the peptide relative to the dissociated peptide bond is lost as a neutral
and the charge is carried by the N-terminal fragment as a tertiary carbocation within
the newly formed oxazolone ring structure resulting in a b-type ion [72]. On the other
hand, proton transfer to the third carbonyl oxygen atom of the His" residue drives the
formation of the [M H+30]"-88 fragment ion. Hydrogen bond formation between the
additional proton and the first amide nitrogen of the modified His  residue relative to
the peptide backbone promotes cleavage of the peptide-like bond between the first
carbonyl carbon atom relative to the peptide backbone and the protonated amide
nitrogen following the formation of a five member ring involving the carbonyl
functional group C-terminal to the oxidized His  residue. The charge is carried by the
peptide as a tertiary carbocation within the newly formed oxazolone ring while the
His side chain is lost as the neutral C,H4N,O, species [72]. We note that these
charge-driven fragmentation mechanisms are completely analogous to the well
characterized backbone fragmentation mechanisms leading to b, ions with oxazolone

ring structures [72].
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3.3.2 Fragmentation Energetics

Fragmentation energetic studies were conducted by monitoring ion signal
as a function of SID collision potential with a time delay of 1s between ion collision
and detection. Parent ion survival curves for angiotensin II and the primary oxidation
products can be found in Figure 3.2a. Oxidation resulting from reaction with ozone
results in destabilization of the respective parent ions relative to collisional
fragmentation. The collision energy needed for fragmentation decreases with
increased oxidation as follows: Angll > Angll+O > Angll+30/Angll+40. This trend
is evident from the shift in energy-resolved survival curves to lower collision energies
with increased oxidation (Figure 3.2a). The Angll+30 and Angll+40 adducts have
overlapping collision-energy-resolved FECs which suggests the lowest energy
fragmentation channel of the Angll+40 species is associated with oxidative
modification to the His residue. The gradual drop of each of the survival curves has
been shown to suggest that the dominant dissociation pathways are kinetically

unfavored with large negative reaction entropies [56].
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Figure 3.2. Energy-resolved SID FT-ICR MS data for Angll and the oxidation

products resulting from ozonolysis representing (a) the parent ion
survival curves for Angll, Angll+O, Angll+30 and Angll+40, (b)
FECs of the fragments resulting from Angll, (c) FECs of the fragments
resulting from Angll+O, and (d) FECs of the fragments resulting from
AnglI+30. Figure continued on page 59.
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The fragment ion onset curves for unmodified angiotensin II (Figure 3.2b)
show the minimum collision energy required to open the primary selective
fragmentation channel resulting in the formation of the y7 ion to be 27 eV. This
fragmentation pathway dominates until 50 eV at which high energy non-selective
fragmentation channels associated with the transfer of the ionizing proton to the
peptide backbone are unlocked. This observation of selective charge-remote
fragmentation at low internal energies followed by non-selective fragment ions at high

internal energies is consistent with the previously discussed mobile proton model [73].

Oxidation of the Tyr residue following ozonolysis of Angll opens the
bs+O selective fragmentation pathway. The onset curves for DR'VY THPF
(Figure 3.2c) show the lowest energy fragmentation channel to be the bs+O pathway
at 27 eV with the other selective dissociation mechanism (y7+O) shifted to 35 eV. It
should be noted that oxidation of Tyr has little affect on the overall peptide structure
and no apparent affect on the structure of the transition state for the y;+O dissociation
reaction. Additionally, the onset energies for both the bs+O fragment in AnglI+O and
the y7 fragment in unmodified Angll occur at 27 eV. This suggests the shift to higher
collision energies for the y;+O fragment ion in Angll+O, in relation to the y7
fragmentation channel in unmodified Angll, is due to competition with the more
entropically favorable bs+O dissociation mechanism in the oxidized form of the
peptide. This is borne out by the RRKM results discussed below. All other fragments

appear at high collision energies driven by non-selective charge-directed pathways.

The onset curves for the fragmentation channels of Angll+30
(Figure 3.2d) highlight a much different fate for the parent ion in comparison to

unmodified Angll and AnglI+O. The onset energies of each of the primary fragment

59



ions for the AnglI+30 oxidation product suggest that there are three different families
of dissociation mechanisms taking place as the collision energy increases. The lowest
energy pathways are the dissociation channels producing the [MH+30]%-45 and
[MH+30]"-71 fragment ions. The [MH+30]"-45 species is formed immediately at
the lowest sampled collision energy (23 eV) while the [MH+30]"-71 ion is first
observed at 27 eV. The second family of curves are for the bs and [MH+30]"-88
fragment ions at onset energies of 33 and 35 eV respectively. The third family of ions
includes all other fragments that appear at high collision energies resulting from non-
selective charge-directed fragmentation pathways. The Yy;+30 observed in
unmodified Angll at 27 eV is shifted to higher onset energies (37 eV) due to
competition with more entropically favorable fragmentation mechanisms just as it is in

AnglI+O.

From a qualitative perspective, the onset curves of Angll+30 describe the
behavior of the extra proton as the collision increases. At very low energies, the
proton resides on the most basic site of the molecule (Arg) so that that the first family
of fragment ions results from charge-remote selective fragmentation channels
([MH+30]%-45, [MH+30]"-71, and y;+30). As the internal energy increases the
proton can then move to the relatively basic modified His residue (His*) opening
charge-directed fragmentation pathways associated with His' resulting in the second
family of fragment ions (bs and [MH+30]"*-88). Finally, at high collision energies the
internal energy is great enough that the proton can move to the peptide backbone
allowing for nonselective charge-directed fragmentations leading to the third family of
secondary ions. The onset curves are thus consistent with the proposed fragmentation

mechanisms proposed above and with the mobile proton model.
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3.3.3RRKM Modeling of Experimental Data

Parameters giving the best fit to the parent ion survival curves are
summarized in Table 3.1. The reaction barrier (£,), the pre-exponential factor (4), and
the activation entropy (ASI) for the dissociation parent ions all increase with increased
oxidation, that is in the order: Angll < Angll+O < Angll+30 < Angll+40. The
quantitative kinetic parameters thus confirm that the shift of the survival curves to

lower collision energy with increasing oxidation is completely entropy controlled.

Table 3.1. RRKM modeling results of the parent ion survival curves.

[MH+nO]" DRVYIHPF ~ DRVYIHPF  DRVYIH PF  DRVY IH PF
M/Z 1046 1062 1110 1126

Eo(eV) 1.14 1.20 1.21 1.24
AS*(cal/mol K) | -25.9 21.6 -17.0 -15.3
Relative Eo 0 0.06 0.07 0.11

A,s’ 5.6x10’ 4.8x10" 4.8x10° 1.2x10"

Log (A) 7.7 8.7 9.7 10.1

E, is the threshold energy, AS* is the entropy change for the transition state at 450 K,
A is the pre-exponential factor at 450 K, 18.1% of each of the kinetic energy was
converted to internal energy upon collision and the radiative decay rate was set at
55 5! for each of the ions.

The fragmentation of each of the parent ions is dominated by a single
process, particularly at low energies. For Angll the dominant process is formation of
the y7 ion, for Angll+O it is the bs+O ion and for AnglI+30 it is the (MH+30)-45 ion.
If correct the mechanisms proposed for these processes should therefore be consistent
with the observed activation entropies. Consideration of the proposed transition states
confirms that the observed activation entropy decreases as expected with the number

of free rotations lost on transition state formation. Angll with an activation entropy of
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-25.9 cal/mol K loses four side chain internal rotations on formation of the transition
state for the y; fragmentation pathway (Scheme 3.1a), as indicated in Scheme 3.5a
(black arrows indicate internal rotations lost). In comparison, the bs+O dissociation
pathway of Angll+O has a more positive entropic value (-21.6 cal/mol K, Table X.1)
associated with a transition state characterized by the loss of three side chain internal
rotations (black arrows in Scheme 3.5b) and one backbone rotation (red arrow in
Scheme 3.5b). Although four total rotations are lost, the backbone rotation is a
sterically hindered internal rotation making the entropic effect more positive in
relation to the four free rotations lost upon formation of the transition state of the y7
mechanism. AnglI+30 has the most positive activation entropy, -17.0 cal/mol K
(Table 3.1), and formation of the transition state leading to the [MH+30]"-45 is
associated with the loss of three amide bond rotations of the His side chain (blue
arrows in Scheme 3.5c). The further positive shift in entropy, in relation to the
transition states for the y; and bs+O mechanisms, highlights the double bond
characteristics of the peptide-like amide bonds of the His  side chain. Delocalization
of the electron cloud between the amide and carbonyl bonds does not allow for free

rotation.
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The entropies of activation are also pertinent to the question raised above
concerning the possibility of a salt bridge mechanism (Scheme 3.1b) for y»
fragmentation. The salt bridge mechanism involves closing two rings simultaneously
which should result in a much greater negative shift in entropy, particularly in

comparison to the entropy of the b4 mechanism than is observed.

3.3.4 Molecular Dynamics

Molecular dynamics experiments were done to probe how the observed
fragmentation mechanisms follow from the intramolecular interactions for Angll and
the primary oxidation products Angll+O and AnglI+30O prior to dissociation. Figures
3.3 and 3.4 provide examples of results for 100 ps calculations of Angll+O and
AnglI+30 respectively. Unmodified angiotensin II was first run to understand the

interactions taking place between the protonated guanidine functionallity of the Arg"
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residue and the rest of the peptide. It was apparent in all cases where the ionizing
proton was placed on Arginine — DR'VYIHPF, DR'VY THPF, and DR"VYIH PF —
that the peptide delocalizes the charge by wrapping itself around the side chain of the
protonated Arg  residue forming multiple hydrogen bonds between the amide
hydrogen atoms of Arg and carbonyl oxygen atoms of the peptide backbone
(Figure 3.3). Scheme 3.6 highlights the observed hydrogen bonding interactions for
the molecular dynamics calculation results of AnglI+O shown in Figure 3.3. Graphs
of the bond distance (A) vs. time (ps) for each of the hydrogen bonds of interest
(Figure 3.3) show that the bonds form very quickly and are very stable over the length
of the experiment. At no point during the length of the experiment was a salt bridge
interaction observed between the protonated Arg” residue and aspartic acid side chain.
The molecular dynamics results highlight the ability of peptides having the same
number of ionizing protons as basic sites to sequester the charge making the lowest

energy dissociation pathways the charge-remote fragmentation channels.
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Molecular dynamics was also used to monitor the parent ion
conformations for the proposed charge-remote fragmentation mechanisms shown in
Schemes 3.2 and 3.3. The molecular dynamics results for DR'VY THPF show strong
interaction between the hydrogen atom of the additional hydroxyl group in the
2-position and the carbonyl oxygen atom of the peptide backbone between the Tyr*
and Ile residues (Figure 3.4). This interaction competes successfully with hydrogen
bonding between protonated Arg and that same backbone carbonyl. The minimum
hydrogen bonding distance measured during the length of the experiment was 1.92 A

and hydrogen bond formed multiple times during the first 60 ps of the dynamics
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calculation. This intramolecular hydrogen bond is necessary for the formation of the

bs+O fragment ion via the proposed mechanism in Scheme 3.2.

Figure 3.4. Molecular dynamics results for the AngIl+O oxidation product
(DR'VY THPF) highlighting the hydrogen bond formed between the
carbonyl oxygen atom of the peptide backbone C-term to Tyr and the
hydroxyl hydrogen atom of the modified Tyr residue. This hydrogen
bond and the plot of bond distance (A) as a function of time (ps)
associated with this interaction are labeled (a).
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Probing parent ion conformations of the AnglI+30 oxidation product with
the ionizing proton on the Arg residue — DR'VYIH PF — showed very strong
interactions within the modified His residue itself. Two primary side chain
conformations emerged in the molecular dynamics experiment. The first
conformation involved hydrogen bonding between the hydrogen atom of the first
amide group from the peptide backbone and the oxygen atom of the formyl end group
(Figure 3.5). The plot of bond distance (A) vs. time (ps) shows a very strong
hydrogen bond that once formed is locked in for the length of the experiment only
occasionally stretching beyond 2.5 A. This strong interaction drives the low energy
charge-remote [M H+30]"-45 mechanism shown in Scheme 3.3. Secondly, a similar
strong hydrogen bond associated with the formation of the [MH+30]*-71 ion
(Scheme 3.3) can form between the hydrogen atom of the second amide group and the
oxygen atom of the first carbonyl relative to the peptide backbone (Figure 3.6). When
formed, this interaction has a minimum bonding distance of 1.72 A and is consistently

between 2.0 and 2.5 A over the length of the calculation.
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Figure 3.5. Molecular dynamics results for the Angll+30 oxidation product
(DR'VYIH PF) highlighting the hydrogen bond formed between the
third carbonyl oxygen atom and the first amide hydrogen atom of the
modified His residue. This hydrogen bond and the plot of bond distance
(A) as a function of time (ps) associated with this interaction are labeled

(a).
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Figure 3.6. Molecular dynamics results for the AngIl+30 oxidation product
(DR'VYIH PF) highlighting the hydrogen bond formed between the
first carbonyl oxygen atom and the second amide hydrogen atom of the
modified His residue. This hydrogen bond and the plot of bond distance
(A) as a function of time (ps) associated with this interaction are labeled

(a).

Finally, molecular dynamics calculations were done to understand steric
limitations of the proposed charge-directed fragmentation processes of Angll+30
(DRVYIH 'PF) leading to the bs and [MH+30]"-88 fragment ions (Sheme 3.4). It
should be noted that for these calculations the ionizing proton was not able to be added
to the modified His residue due to software limitations, therefore, the peptides were
left neutral. A decrease in structural organization for the conformations sampled for

unprotonated DRVYIH PF were observed in comparison to the highly folded
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structures required to delocalize the charge for cases with a proton placed on the Arg
residue (DR'VYIHPF, DR'VY THPF, and DR'VYIH PF). Results for unprotonated
AnglI+30 show the formation of a hydrogen bond between the amide nitrogen atom
of the peptide backbone between Ile and His  and the hydrogen atom of the first amide
group of the modified His side chain relative to the peptide backbone. This hydrogen
bonding interaction occurs multiple times over the 100 ps calculation with a minimum
distance of 2.16 A (Figure 3.7). This interaction suggests that if a proton was placed
on the first carbonyl His*, the proton would be conformationally caplable of being
transfered to the backbone amide nitrogen resulting in cleavage of the peptide bond
and driving the proposed charge-directed bs mechanism (Sheme 3.4). Additionally,
the required interaction for the proposed [MH+30]"-88 mechanism between the
carbonyl oxygen atom of the backbone C-terminal to His* and the first carbonyl
carbon atom of the modified His residue relative to the peptide backbone was
observed during molecular dynamics calculations with a minimum distance of 2.48 A
(Figure 3.8). It is suggested that each of these interactions would be enhanced if the

proton was able to be placed on the modified His residue.

71



Figure 3.7. Molecular dynamics results for the Angll+30 (DRVYIH PF) oxidation
product highlighting the interaction between the amide nitrogen atom of
the backbone N-terminal to the modified His residue and the hydrogen
atom of the first amide group of the His" side chain. This hydrogen

bond and the plot of bond distance (A) as a function of time (ps) are
labeled (a).
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Figure 3.8. Molecular dynamics results for the Angll+30 (DRVYIH*PF) oxidation
product highlighting the interaction between the carbonyl oxygen atom
C-terminal to the modified His residue and the carbon atom of the first
carbonyl of the His residue. This interaction and the plot of bond
distance (A) as a function of time (ps) are labeled (a).

3.4 Conclusions

Oxidation of Tyr and His in angiotensin II, due to exposure to ozone,
leads to new, low-energy selective fragmentation channels in MS/MS experiments. A
detailed approach using energy-resolved SID FT-ICR MS experiments, RRKM
modeling, and molecular dynamics calculations was used to characterize the selective

fragmentation channels for Angll (DR "VYIHPF) and the resulting primary ozonolysis
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products Angll+O (DR'VY'THPF), Angll+30 (DR'VYIH PF) and Angll+40
(DR'VY'TH'PF). This strategy was used to shed light on the mechanistic details of
the unimolecular gas phase dissociation reactions of each of these singly charged
species. Oxidation of Tyr opens a new low-energy charge-remote fragmentation
pathway (bs+O). The present results show that fragmentation to be consistent with
oxidation of Tyr in the 2-position. Both the RRKM and molecular dynamics results
support a mechanism for this fragmentation analogous to the acidic attack on the
peptide backbone that takes place within Asp containing peptides with no “mobile”
protons. Ozonolysis of His leads to a series of low-energy charge-remote dissociation
channels ([MH+30]"-45 and [MH+30]"-71) followed by charge-directed
fragmentation pathways at slightly higher energies (bs and [M H+30]*-88). Both the
RRKM and molecular dynamics results support mechanisms for the charge-remote
dissociations originating with the formation of hydrogen bonds between amide
hydrogens and carbonyl oxygens in the oxidized side chain. The results are thus
consistent with the structure of oxidized histidine proposed in earlier studies. Note
that the dominance of charge-remote pathways for all the oxidation products is
consistent with the “mobile” proton model since the proton is sequestered by the Arg
side chain in the oxidation products as well as in AngllI itself [65, 66]. The Angll+40
adduct, containing both Tyr" and His", shows gas phase dissociation characteristics of
both the Angll+O and Angll+30 oxidation products. The energy thresholds for
decomposition of the energy-resolved FECs show that the overall stability of the
individual parent ions with respect to SID fragmentation decreases with an increase in
oxidative stress (AnglI>Angll+O>Angll+30/Angll+40). RRKM modeling gives

reaction barriers and pre-exponential factors that increase with oxidative stress
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(AnglI<AnglI+O<Angll+30/Angll+40). Thus the threshold behavior is controlled
by the pre-exponential factors which in turn depend on the entropies of activation.
These results indicate that the primary reaction channels require significant
conformational rearrangement in the formation of the transition states for each
reaction pathway. Molecular dynamics calculations suggest reaction pathways
involving hydrogen-bonded, closed-ring structures accounting for the importance of
entropy in controlling the unimolecular kinetics of decomposition. Comparison
between results for cleavage C-terminal to aspartic acid (y7) in unmodified angiotensin
IT and the selective charge-remote b4 dissociation pathway involving oxidized Tyr’
(AnglI+O) suggests intramolecular salt bridge interactions are unnecessary for charge-

remote fragmentation involving acidic amino acid residues.
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Chapter 4

METAL SULFIDE CLUSTERS: BACKGROUND

4.1 Clustersin the Environment

Environmentally, metal sulfide particles are of particular importance in the
speciation and bioavailability of metals in aquatic systems [1,2]. Although there are a
number of environmentally significant heavy metals, cadmium has been chosen as a
model system for a number of reasons. From the perspective of our collaborators, as
will be discussed below, the semiconducting properties of CdS allow for particle size
to be extracted from UV/Vis absorption data [3]. For mass spectrometry experiments,
the single oxidation state of cadmium (Cd*") simplifies analysis in comparison to other
metals of interest (Fe*** and Cu"*"). Finally, cadmium binds strongly to sulfide thus

metal sulfides are likely to play an important role in its speciation [4].

As described by Pearson [5], hard-soft acid-base theory predicts that a
“soft” Lewis base, such as sulfide, will strongly bind to “soft” acids including many
environmentally significant heavy metals (Cd*", Zn*", Hg*", Pb*", Cu™*, Ag" and
Au"). With that said, this favorable interaction drives the formation of metal sulfide
species in sulfur rich (H,S, HS") aquatic environments when metals are present. Both
abiotic and biotic sources have been shown to produce dissolved metal sulfide species
in aqueous systems. Some abiotic sources include hydrothermal vents, anoxic

waterways and sewage treatment plants. Researchers have suggested that, as
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hydrothermal fluids mix with seawater, reduced forms of sulfur are stabilized when
bound to metal sulfide clusters at hydrothermal vent sites [6]. In an anaerobic
treatment wetland in Montana, high concentrations of dissolved Cd, Zn and Cu in the
presence of H,S were attributed to molecular metal sulfide clusters [7]. Even under
oxic conditions, molecular clusters of zinc and copper were shown to persist due to

their resistance to oxidation and dissociation in freshwater rivers [8].

In addition to abiotic sources, biomineralization is known to be a
significant source of metal sulfide clusters in the environment. Walsh and co-workers
found that phytoplankton produce dissolved sulfides in response to toxic metal
exposure forming biologically inert metal sulfide species [9]. Sulfate-reducing
bacteria have also shown the ability to produce metal sulfide clusters (ZnS) in
deposited natural biofilms as a defense against elevated metal concentrations in
groundwater and wetland systems [10]. Finally, at the East Pacific Rise mercury
resistant extremophiles living in hydrothermal vent fluids were shown to produce HgS

as a detoxification mechanism [11].

4.2 Complexes, Clusters and Particles

4.2.1 Definitions

Essential to a discussion of metal sulfide species in aqueous environments
is a fundamental understanding of nucleation mechanisms and clarification of the
species involved in this process. As illustrated in Figure 4.1, along the continuum

from dissolved ions to bulk solid state material there are thought to be a variety of
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species classified as dissolved with properties that are unique from either extreme
[12]. In the following chapters, a complex is defined as a mononuclear species with a
number of ligands bound to a single central metal atom. As established by our
collaborators, a cluster is characterized as having multiple metal centers (polynuclear)
bound by ligating atoms and is small enough to be considered a molecular species
[13]. Finally, nanoparticles have diameters between 1-100 nm and can be described as

solid materials [12].

Dissolved 0.45-um or
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4 mono- @~ me= 0.2-um
nuclear Dissolved © = sulfide filter
complexes polynuclear "
> . clusters . :
E & g Nanoparticles :
L g;g I
) I
o I
L. I
I
I
I
1 10 102 103 l :
dissolved Number of atoms condensed phase

Figure 4.1. Definitions of species along the continuum between dissolved ions
and solid state material for metal sulfide systems (Reproduced with
permission from Katherine M. Mullaugh [3]).
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4.2.2 Nucleation of Metal Sulfides

Although there are a number of classical theories of crystallization, more
directly related to the work presented herein is an alternative mechanism based on
dissolved molecular metal sulfide clusters [14]. Luther and Rickard suggest that
nucleation proceeds through aggregation of small molecular clusters which build up to
form larger particles [13]. Molecular modeling has shown the configuration of the
first condensed phase to be established by the structure of the dissolved molecular
clusters [13]. Experimentally this mechanism has been supported by the observation
of persistent molecular clusters in laboratory solutions of CuS [15], FeS in sulfidic
seawater [16], and ZnS observed in laboratory samples and field samples taken from

the Black Sea [17].

4.3 Multidisciplinary Approach

While much work has been done to understand the formation of metal
sulfide particles research is still needed to fully describe this process. The following
chapters focus on the use of electrospray ionization FT-ICR mass spectrometry
(See Chapter 2) to characterize cadmium sulfide clusters, however, these experiments
are part of a larger multidisciplinary project in collaboration with the Luther group in
the College of Marine Studies at the University of Delaware. The overall goal was to
use a multifaceted approach to describe metal sulfide precipitation using ESI mass
spectrometry, UV/VIS spectroscopy, and voltammetry (Figure 4.2). Molecular
capping agents, particularly organic thiols, were used to interrupt cluster growth at
different stages as described in Chapter 6. Adapted from previous studies on the

synthesis of CdS nanoparticles in aqueous solutions [18-21], it was believed that the
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capping agents would freeze nucleation events allowing chemical ‘snap-shots’ to be taken
by the various analytical techniques. Using UV/VIS spectroscopy and voltammetry, our
collaborators worked to elucidate metal:sulfide ratios and particle size of cadmium
sulfide reactions [3]. Our task was to simply characterize metal sulfide complexes and
clusters using ESI FT-ICR mass spectrometry. However, this project evolved to take
advantage of the many capabilities of FT-ICR MS, not only through analysis of
solution based reactions, but also moving the experiment into the gas phase
(Chapter 7) where the ion-molecule reactions between metal salt clusters and

hydrogen sulfide provided an entirely new perspective on this process.
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Figure 4.2. The study of metal sulfide precipitation using a multifaceted
analytical approach. ESI mass spectrometry is used to characterize
metal sulfide complexes and clusters, UV/VIS spectroscopy can
determine size of larger clusters and nanoparticles, and voltammetry
can determine metal:sulfide ratios (Adapted from Figure 4.1 [3]).
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Chapter 5

METAL SALT NUCLEATION OBSERVED USING ESI FT-ICR MASS
SPECTROMETRY

Time 3

5.1 Introduction

As part of a collaborative research project to understand fundamental chemical
processes taking place at deep-sea hydrothermal vents, our research focus shifted to
the elucidation of metal sulfide cluster formation using mass spectrometry. As will be
discussed in the following chapter (Chapter 6), attempts were made to react metal salts
with hydrogen sulfide in aqueous solution while introducing a capping agent, such as
2-mercaptopyridine, to interrupt cluster growth at various stages allowing ‘snap-shots’
of the nucleation process to be sampled. Although this work resulted in limited
success an interesting observation was made. The relative intensities of the metal salt
clusters that were detected changed over time. The addition of methanol, to provide
stable electrospray ionization (ESI) conditions, was found to initiate the change in the

sampled aqueous salt solutions. This observation, which at first seemed to relate only
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to electrospray fundamentals, may in fact provide insight into hydrothermal vent

chemistry.

Understanding the solvent properties of water is of critical importance in
understanding hydrothermal vent chemistry and the chemical environment of ions in
aqueous solution. The ability of water to effectively solvate ionic and dipolar species
in combination with its ineffectiveness in solvating nonpolar molecules has a drastic
affect on the chemistry of our planet. There are instances, however, when this
‘hydrophobic effect’ breaks down and the solvent properties of water can change
dramatically. As water approaches its super critical point (647.1 K, 22.1 MPa) [1], the
hydrogen bonding network that drives the physical properties of water dissipates
causing water to behave more like a nonpolar solvent. A number of studies
highlighted in a recent review by Weingartner and Franck [2] have focused on
understanding the properties of water as it approaches and exceeds the supercritical

region.

The transition of water from polar to nonpolar solvent as it passes through the
supercritical region has particular importance in the ability of water to effectively
solvate ionic species. Under ‘normal conditions’ the highly dipolar nature of water
allows it to form solvent shells surrounding dissociated salt ions. The solvent shells
effectively shield the ion’s charge disrupting the ionic interaction [3]. Formation of
the solvent separated ion pair is driven by the hydrogen bonding network of water. As

the temperature of the solution increases, kinetic energy of the water molecules
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increase causing the hydrogen bonding network to deteriorate. The inability of water
to shield the ions, brought about by reduction of solvent structure, results in salt
precipitation. This process has also been placed in an environmental context relating
to the observation of salt deposits and gyser-like brine discharges from the sea floor
[4] in addition to the formation of ‘salt diapirs’ which seem to form as a result of

hydrothermal seepage products created by supercritical water at depth [5].

Nucleation of ionic species, due to disruption of the hydrogen bonding
network, can also be observed in binary water-alcohol solvent systems. One
perspective as to why this happens is that as an alcohol, such as methanol, is mixed
with water; hydrogen bonds are formed as the protic hydrogen atom of methanol
interacts with an oxygen atom of a water molecule. At the same time, a hydrogen
atom of a water molecule can hydrogen bond with the oxygen atom of methanol. The
combination of these interactions pull methanol into aqueous solutions. Working
against this process is the interaction between the hydrophobic methyl functionality of
methanol and water. To minimize interaction with the hydrophobic end of methanol,
it 1s suggested that water forms highly structured ‘cages’ around the methyl group
[6-9]. This reordering of water molecules as a result of addition of methanol causes a
decrease in ‘free’ water molecules that can participate in ionic shielding as part of the
solvent shells. This, in turn, leads to association of ionic clusters in water-methanol

solutions.
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Quantitatively this process can be described in terms of the dielectric constant
(¢) of the solvent. At ambient conditions the static dielectric constant of water is
approximately 80, however, under supercritical conditions this value can range from
€~10 to €=23 at high densities [2,10-12]. Although the effects are less dramatic, the
static dielectric constants of water methanol mixtures have been experimentally
determined [13-16]. For example, at 298 K the static dielectric constant of a 1:1 molar
ratio of a water-methanol solution is 61 while a 1:9 solution has a static dielectric
constant of 40. We suggest that these quantitative differences in the dielectric
constants between ‘neat’ aqueous solutions and binary water-methanol solutions,
which result from substantially altered qualitative physical properties of the aqueous
solution upon addition of methanol, is observable in the time-dependent analysis of

salt solutions using mass spectrometry.

5.2 Experimental

Analysis of cadmium acetate (Cd(CH3COQ), *4H,O: Fisher Scientific, Fair
Lawn, NJ) solutions was done using ESI FT-ICR mass spectrometry in negative mode.
Solutions were prepared using deionized water (Millipore, Bedford, MA) and then
diluted 1:1 by volume with methanol (HPLC grade: Fisher Scientific, Fair Lawn, NJ)
to a final concentrations ranging from 0.1 mM to 3.0 mM. The final solutions had a
0.3 molar ratio of methanol. Time-dependent sampling was done at various times
following dilution with methanol. Analysis was done using a 7 tesla Bruker Apex Qe

FT-ICR mass spectrometer (Section 2.3.2). The capilary flow rate was set to
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160 pL/hr and the ESI emmitter voltage was 3.8 kV for all experiments. Ions
produced by ESI are focused using a series of ion funnels and a hexapole. The
focused ion beam can then be accumulated in a second hexapole prior to transfer to the
ICR cell to increase ion signal. The collision voltage used to transfer ions into the
accumulation hexapole was set to 1.0 V to minimize dissociaiton of larger salt
clusters. Accumulation times ranging from 0.1-1.5 sec were used to optimize signal.
All other instrumental parameters were held constant over all experiments.
Stoichiometric identification of observed cadmium salt clusters was achieved using

both theoretical isotopic distributions and mass accuracy (<5ppm).

5.3 Results and Disscussion

Figure 5.1 shows an example mass spectrum taken 30 minutes after dilution
with methanol to a final concentration of 0.3 mM cadmium acetate. The major species
observed are of the form [Cdx(CH3COO)xx+1]" (x=1-5) with minor products resulting
from chloride substitution or loss of CO, from acetate. The expanded view for the
[Cd2(CH3COO)s] cluster highlights the consistency between experimental results and
theoretical values for both isotopic distribution and mass accuracy (0.3 ppm).
Interestingly, time dependent spectra show that the relative abundances of each of the
observed clusters changes as a function of time. Although multiple sample
concentrations were tested, 0.3 mM cadmium salt samples provided the best results.
As time proceeds after dilution with methanol, the intensity of the mononuclear

species decreases relative to the larger cadmium clusters as shown in Figure 5.2. This
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result is consistent over various sampling techniques. The results are similar
regardless of whether separate aliquots are taken from the diluted solution and loaded
into the syringe for ESI analysis (Figure 5.2A) or if a single aliquot is loaded into the
syringe and spectra are taken repeatedly as ions are continuously injected into the
instrument (Figure 5.2B). This suggests that a nucleation process, distinct from the

ESI process, is taking place in solution as a result of methanol addition.
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Figure 5.2. Time-dependence ESI mass spectroscopy data relating relative intensities
of observed anionic cadmium acetate clusters as a function of time
following dilution of solutions with methanol for a 0.3 mM cadmium
acetate solution. (A) Sampling was done using separate aliquots for each
spectrum and (B) a single aliquot was continually injected as spectra

were repeatedly taken.
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Further explanation of this distinction from cluster formation due to the ESI
process is necessary. As described earlier (Section 2.2), much work has been done in
understanding the ESI process using salt solutions [17-25]. Two major models have
been developed for the explanation of ESI data [26]. The first of which, described as
the ion evaporation model (IEM) developed by Iribarn and Thomson [27,28] suggests
that a sequence of coulombic explosions caused by evaporation of charged droplets
results in very small droplets in which the field strength at the surface is great enough
to promote field desorption of charged solute molecules. On the other hand, Dole et
al. [29] described the charged residue model (CRM) in which electrospray droplets
undergo multiple evaporation and coulombic explosion cycles until the droplet, on
average, contains one solute ion. The transition to the gas-phase is complete when all
the remaining solvent molecules evaporate leaving the charged solute ion. Either
model, or combination models, can explain the formation of charged clusters from
fully dissolved electrolyte solutions. However, neither model would predict that time
would have any effect on the relative intensities of the observed clusters. Our results
do, conversely, show that the relative intensities of the different sized clusters are
changing as a function of time suggesting that the composition of the solution is
changing once diluted with methanol. Moreover, the shift to larger clusters, even
though the salt concentration decreases with addition of methanol, indicates that to

some extent clustering is taking place in solution before ESI analysis.

99



The detection of metal salt nucleation using ESI mass spectrometry is a unique
observation. Although the dilelectric constant of aqueous binary solutions with a
0.3 molar ratio of methanol (¢=66) [13-16] is sufficiently high enough so that ionic
species would remain dissolved, it would be expected that the solubility of cadmium
acetate would decrease as the dielectric constant decreases. Decreasing solubility
lends to the notion that association of ionic species would occur in water-methanol
binary solutions and, in turn, the observed clusters would represent the beginning
stages of precipitation. As previously mentioned, Hovland and co-workers [4,5] have
shown that precipitation of salts and the concentration of metals occurs at deep-sea
hydrothermal sites. Our results then imply that the small clusters we are observing in
the mass spectra of cadmium salt solutions may be more similar to the form that
metals take under supercritical conditions in hydrothermal vents prior to reaction with
hydrogen sulfide than fully solvated individual metal ions. It would then more
accurate to study these reactions, not using fully dissolved ionic systems as starting

points, but instead, utilizing metal salt clusters as the initial reactants.

5.4 Conclusions

Although much work needs to be done to fully understand the mechanism of
cadmium salt precipication in low dielectric constant solvents, the observation of
cluster growth in solution using ESI mass spectrometry is a unique finding. The time-
dependent variance of the relative signal intensity, consistent over different sampling

approaches, provides evidence of salt nucleation in water-methanol binary solvent
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systems. This result suggests that ion association is occurring in solution prior to the
electrospray ionization process. Furthermore, this work has provided important
insight into experimental approaches for studying metal sulfide formation in deep-sea

hydrothermal vents.
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Chapter 6

MONITORING METAL SULFIDE FORMATION IN SOLUTION USING
MOLECULAR CAPPING AGENTS

6.1 | ntroduction

Metal sulfides represent an important family of nanoparticles which play
an integral role in the speciation and bioavailability of metals in aquatic ecosystems
[1,2]. Nonetheless, the details of how these environmentally significant particles are
formed are still yet to be fully understood. Along the continuum going from dissolved
ionic species to condensed phase material there are thought to be any number of
dissolved polynuclear clusters representing the intermediates of precipitation [3].
Although metal sulfides are considered scarcely soluble in water, these intermediate
clusters have been found to be prevalent in the environment [3,4]. From this
observation, our collaborators have suggested a mechanism for the nucleation of metal
sulfide particles in which the first condensed phase results from aggregation of
dissolved polynuclear clusters with a molecular structure similar to that found in the

bulk material [5]. Support for this hypothesis of small molecular metal sulfide clusters
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as ‘building-blocks’ has been demonstrated for FeS [6], CuS [7] and ZnS systems [8].
These studies represent only the starting point and much work is needed to fully

explain the process of metal sulfide particle formation.

FT-ICR Mass spectrometry is an optimal analytical technique for the
analysis of metal sulfide clusters in that stoichiometric identification can be made
based on mass accuracy and structural information can be obtained through
fragmentation experiments. Past work by our research group has focused on the use of
laser desorption ionization FT-ICR mass spectrometry to identify ZnS, CuS and FeS
clusters present in both laboratory and natural water samples [3] and PbS clusters in
laboratory samples [9]. This work was part of the foundation for the polynuclear
‘building-block model’ discussed above. However, one of the major criticisms of this
work was that, between the freeze drying process as part of sample preparation and the
harsh laser ablating/ionization process, the observed metal sulfide clusters may not
represent those present in solution [10]. To circumvent these criticisms we set out to
use ESI FT-ICR mass spectrometry. Direct sampling from solution and the inherently
soft ionization mechanism of ESI makes this technique optimal for analyzing

molecular metal sulfide cluster intermediates.

A major hurdle in using electrospray ionization with metal sulfide
systems, as mentioned earlier, is that most metal sulfides are only sparingly soluble in
aqueous solutions. At reasonable concentrations for the technique, synthesis results in
very fast precipitation reactions. In order trap the intermediates of this process our
method, in this case, was to introduce a capping agent to a reaction between Cd*" and
HS™ in aqueous solution. Our ambitious hypothesis was that the capping agent would

bind to the forming CdS clusters halting growth. Ideally, analysis of the various
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capped species using mass spectrometry would be like flipping through a series of
‘snap-shots’ at various mechanistic stages of mineral precipitation. Molecular
candidates for capping agents were small organic thiols. The thiol functionality can
bind to metal sulfide clusters while the organic “greasy” end group was expected to
passivate the surface preventing further cluster growth. This approach was adapted
from previous studies on the synthesis of CdS nanoparticles in aqueous solutions
[11-14] and was designed to mimic the behavior of bacteria that excrete both sulfide

and thiol-rich peptides in the presence of toxic metals [15,16].

6.2 Experimental

Cadmium Nitrate (Cd(NOs),°4H,0), glutathione and 2-mercaptopyridine
(mpH: CsHsNS) were purchased from Sigma-Aldrich (St. Louis, MO) while sodium
sulfide (Na;S*9H,0), hydrochloric acid (HCl) and HPLC grade methanol were
purchased from Fisher Scientific (Fair Lawn, NJ). Aqueous stock solutions (10 mM)
of cadmium nitrate, 2-mercaptopyridine, glutathione and sodium sulfide were prepared
using deionized water (Millipore, Bedford, MA). Prior to use, all solvents were
degassed with high purity argon gas for at least 1 hour. Elecrospray solutions of
cadmium nitrate were prepared by diluting the stock solution using deionized water
and methanol to a final concentration of 3 mM and a 1:1 water to methanol ratio
(Solution A). Introduction of the capping agent (2-mercaptopyridine and glutathione)
was done by mixing Solution A with a similar 3 mM 2-mercaptopyridine or
glutathione water/methanol solution. Cd/mpH ratios were 1:1 for all reactions.

Cadmium sulfide reactions were performed by bubbling H,S (g), generated by
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reaction of Na,S with HCI and transferred using argon pressure, through solutions of

Cd(NO3); as the capping agent was added.

Solutions were analyzed using a 7 tesla Bruker Apex Qe FT-ICR mass
spectrometer in negative mode (Section 2.3.2). Ions produced by electrospray
ionization enter the instrument through a glass capillary and are then focused into a
beam using two consecutive ion funnels followed by a linear hexapole operated in r.f.
mode only. As the ions enter the Qh Interface, if necessary, they were accumulated
(0.1-1.0 s) in the hexapole collision cell to increase signal strength before transfer to
the ICR cell where they are trapped, excited and detected. Comparison to theoretical
isotopic distributions and mass accuracy (<5 ppm) allowed for unambiguous

identification of observed clusters (See Figure 6.1).

6.3 Results and Disscussion

Analysis of cadmium nitrate solutions using ESI mass spectrometry in
negative mode resulted in the observation of cadmium clusters of the type
[Cdx(NO3)ax+1]” (x=1-5) as seen in Spectrum A (Figures 6.1-6.5). This series of
figures, Figures 6.1-6.5, represent different m/z ranges based on the number of
cadmium atoms in the observed clusters. Stoichiometric identification was made
using mass accuracy and comparison to theoretical isotopic distributions as
highlighted in Figure 6.1 for the single cadmium complex. Minor unlabeled species
are solvated clusters, chloride substitution of nitrate ligands, or electronic noise.
Reaction of cadmium nitrate with mpH (Spectrum B: Figures 6.1-6.5) leads to

successive substitution of nitrate ligands for deprotonated 2-mercaptopyridine (mp).
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Minor reaction products including sulfate ligands are observed which seem to result
from oxidation of the thiol capping agent by nitrate. These products are seen in
greater abundance following reaction with H,S (g) as observed in Spectrum C
(Figures 6.2-6.5). Similar to 2-mercaptopyridine, the sulfidic species resulting from
H,S are oxidized to sulfate ligands. Likewise, oxidation of sulfidic ligands to form
sulfate in the presence of nitrate anions was observed in a study by Jacobson and co-
workers for silver systems [17]. It should be noted that the m/z range for the H,S
reaction spectrum (Spectrum C: Figures 6.2-6.5) is not provided for the mononuclear
complex (Figure 6.1) because it was identical to Spectrum B in Figure 6.1. Unlike the
larger cadmium clusters, there was no change in the observed mononuclear cadmium
complexes or the relative abundance of [Cd(NOs);]" in comparison to [Cd(NO3).(mp)]
upon reaction with H,S (g). No HsS (g) reaction products were observed for reactions
using glutathione as the capping agent. Additionally, it should be noted that positive
mode ESI of cadmium nitrate solutions resulted in too many unidentifiable ions to

move forward with H,S reactions. See Appendix C for example spectrum.
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Figure 6.1. The single cadmium region of the anionic ESI FT-ICR mass spectrum
taken for (A) a 3 mM solution of cadmium nitrate and (B) the same
solution following reaction with 2-mercaptopyridine. Substitution of a
nitrate ligand for deprotonated 2-mercaptopyridine (mp) is observed.
The theoretical spectrum highlights the mass accuracy and consistency
in isotopic distribution for the experiment.

109



1 [Cd,(NO,)]"
2x10"

1x107 H‘
: i I‘". bl

6.0x10° 4 [Cd,(NO,) (mp) |’ 41 132 2:3

4

4.0x10° -

-

2.0x10°

1

IIM (T il JullllJ Wi FATT d sl ll|I| all

0.0 |.1|| |||1 ‘Ilm“n 1 J”“J”HU .I||H“n u|| ” L m s

Relative Abundance

4.0x10° 21 1:2] [Cd,(NO,),(mp) SO,]

v C
\lmn A T T 'le ‘”J I“ { R TN 4

550 600 650 700
m/z

-

2.0x10°

0.0 " mm ‘ll L \'\J

Figure 6.2. The Cd, region of the anionic ESI FT-ICR mass spectrum taken for (A) a
3 mM solution of cadmium nitrate (B) the same solution following
reaction with 2-mercaptopyridine and (C) the introduction of H,S (g) to
a 1.5 mM solution of cadmium nitrate and 2-mercaptopyridine (1:1).
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Figure 6.3. The Cd; region of the anionic ESI FT-ICR mass spectrum taken for (A) a

3 mM solution of cadmium nitrate (B) the same solution following
reaction with 2-mercaptopyridine and (C) the introduction of H,S (g) to
a 1.5 mM solution of cadmium nitrate and 2-mercaptopyridine (1:1).
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Figure 6.4. The Cd, region of the anionic ESI FT-ICR mass spectrum taken for (A) a
3 mM solution of cadmium nitrate (B) the same solution following
reaction with 2-mercaptopyridine and (C) the introduction of H,S (g) to
a 1.5 mM solution of cadmium nitrate and 2-mercaptopyridine (1:1).
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Figure 6.5. The Cds region of the anionic ESI FT-ICR mass spectrum taken for (A) a
3 mM solution of cadmium nitrate (B) the same solution following
reaction with 2-mercaptopyridine and (C) the introduction of H,S (g) to
a 1.5 mM solution of cadmium nitrate and 2-mercaptopyridine (1:1).

Although results using 2-mercaptopyridine as a capping agent provided
limited information as to the formation of metal sulfide clusters they do provide a
foundation for observing sulfidic species using ESI mass spectrometry. The primary
hurdle when studying environmentally significant metal sulfides (FeS, CuS, CdS,
ZnS) using ESI mass spectrometry is the insolubility of these species in aqueous
solutions. While much of the sample is still lost as precipitate using mpH as a

capping agent, the observation of sulfidic cadmium clusters suggest that metal salt
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reactions with H>S (g) can be interrupted and nucleation intermediates can be sampled

using electrospray ionization.

These results also build off of those discussed in Chapter 5 regarding
sampling solution nucleation processes for metal salts using electrospray ionization.
Of particular interest are the results for the mononuclear cadmium nitrate reactions
(Figure 6.1). The lack of observable H,S (g) reaction products for the single cadmium
complexes is evidence that a solution based chemical process is being sampled. For
the larger clusters (Figures 6.2-6.5), it can be seen from the relative abundances of the
observable species that the reaction products including sulfate are the majority family
of clusters following reaction with H,S (g). This suggests that there is a relatively
high concentration of sulfide (oxidized to sulfate) present in solution. If the observed
clusters were simply aggregates of the ions present in the electrospray droplets prior to
final evaporation steps (See Section 2.2), we would fully expect to see mononuclear
species with sulfate as well. The lack of these clusters points to a solution based
process in which ESI mass spectrometry is able to observe the unique chemistry that
takes place for different sized metal clusters. These results will be illuminated further

in the next chapter (Chapter 7) on the gas-phase reactions of cadmium nitrate with H,S

(2)-

6.4 Conclusions

In Conclusion, sulfidic metal clusters were observed for reactions of
cadmium nitrate with hydrogen sulfide using 2-mercaptopyridine as a molecular
capping agent. Sulfidic ligands were seen as sulfate suggesting oxidation by excess

nitrate in aqueous solutions of Cd(NOs),. Although these results provided limited
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insight into the mechanism of metal sulfide particle formation, they do provide
additional evidence that electrospray ionization can sample nucleation reactions of
metal salts in aqueous solutions. The observed differences in reactivity for cadmium
nitrate clusters of different stoichiometries in aqueous solution are consistent with the
observed gas phase ion-molecule reactions that will be discussed in the following

chapter.
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Chapter 7

GASPHASE ION-MOLECULE REACTIONSOF METAL SALT CLUSTERS
WITH HYDROGEN SULFIDE
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7.1 Introduction

This chapter represents a fundamental shift in our approach to
understanding metal sulfide nucleation using mass spectrometry. To this point our
method have focused on attempts to control solution processes, however, the ability to
produce salt clusters of various stoichiometries in combination with our group’s
experience in the field of gas phase ion-molecule reactions proved to be an ideal
combination leading to this shift in methodology. As described in previous chapters,
metal clusters have been shown to play an vital role in the speciation and
bioavailability of metals in aqueous environments [1,2]. Although much work has
been done focusing on these systems, little is known regarding the chemical processes
that control the transformation of dissolved ions to solid state materials. A model
developed from the observations of persistent molecular clusters in dilute aqueous

environments suggests that metal sulfide particles form through aggregation of
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dissolved polynuclear clusters [3-5]. A few of the analytical approaches deployed to
characterize these elusive species have included voltametry [3,4,6], transmission
electron microscopy [7], powder x-ray diffraction [8,9], dynamic light scattering
[10,11] and UV/vis spectroscopy [12-14]. Although these techniques provide useful
information such as stoichiometric ratios and particle size, mass spectrometry may be
the tool necessary to truly characterize these clusters on a molecular level and clarify

the process of metal sulfide formation.

Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass spectrometry
provides the ideal combination of instrumental advantages to directly characterize
metal sulfide clusters. In addition to being able to elucidate chemical structure based
on mass-to-charge ratio and fragmentation experiments, monitoring gas phase ion-
molecule reactions using mass spectrometry has the potential to describe metal sulfide
nucleation reactions. FT-ICR mass spectrometry provides the advantages of mass
accuracy and variable trapping times ideal for studying rate constants of gas phase ion-
molecule reactions [15,16]. Long trapping times enable single collision interactions to
be monitored allowing elementary reaction steps to be monitored in the gas phase.
Ions are trapped in the ICR cell where they are exposed to the neutral reactant gas. As
the reaction proceeds, the identity and relative concentrations of both the reactant and
product ions are followed allowing kinetic information to be extracted. The Ridge
group has extensive experience applying this technique to metal systems [17-34],
however, the use of gas phase ion-molecule reactions to study environmentally

significant metal sulfide clusters is a novel application of the technique.

The work with solution based systems described in Chapters 5 and 6 have

set the foundation for making gas phase metal salt clusters of various sizes using
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electrospray ionization. The observation of salt cluster growth has been placed in an
environmental context suggesting larger clusters may represent initial reactant species
in hydrothermal systems with low dielectric constant solutions while smaller clusters
most likely represent clusters found in dilute surface water environments (Chapter 5).
This final section on metal sulfide clusters describes the gas phase ion-molecule
reactions between metal salt clusters and hydrogen sulfide with the goal of elucidating

the process of metal sulfide formation in aqueous environments.

7.2 Experimental

Reagent grade cadmium nitrate (Cd(NOs;),4H,0), cadmium acetate
(Cd(CH3C0OO0),*2H,0), cadmium chloride (CdCl,), and zinc chloride (ZnCl,) were
purchased from Sigma-Aldrich (St. Louis, MO). HPLC grade methanol was purchased
from Fisher Scientific (Fair Lawn, NJ) and H,S (gas: 99.5% purity) was purchased
from Matheson Tri Gas (Basking Ridge, NJ). Stock solutions (10 mM) of each of the
metal salts were prepared using deionized water (Millipore, Bedford, MA). These
solutions were then diluted to 0.3 mM using deionized water and methanol (final

solution 1:1) for electrospray experiments.

Experiments were done using a 7 Tesla Bruker Apex Qe FT-ICR mass
spectrometer (Section 2.3.2). Ions produced by electrospray ionization enter the
instrument through a glass capillary and are then focused into a beam using two
consecutive ion funnels followed by a linear hexapole operated in rf mode only. As
the ions enter the Qh Interface a reactant ion of choice can be mass selected using the
mass resolving quadrupole and accumulated (0.1-1.0 s) in the hexapole collision cell

where they are collisionally cooled so they can be injected into the ICR cell. ITon-
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molecule reactions (Section 2.1.4) are performed by trapping the ions in the ICR cell
for various reaction times at elevated H,S (g) pressure prior to excitation and
detection. Operating in SORI MS/MS mode with the SORI power at 0%, the reaction
time is controlled using the delay time associated with the SORI pulse length. The
neutral reactant gas is introduced through a high precision variable leak valve allowing
for constant elevated pressures (H,S: 4x10” Torr or 9x10™ Torr) to be maintained

throughout the experiment.

Kinetic studies of gas phase ion-molecule reactions in the ICR cell were
performed under pseudo first-order conditions. The reactant gas pressure, in this case
H,S, is in great excess relative to the number of ions trapped in the ICR cell making
[H,S] constant over the course of the experiment. The rate equation can then be

written

rate = ki[Cluster] 7.1

in terms of the pseudo first-order rate constant (k1) and the concentration of the
reactant cluster ion ([Cluster]). Adjusted for differences in isotopic distributions, the
relative intensity of a single isotope ([Cluster]) for reactant and product clusters were
used to generate plots as a function of time. The integrated form of the rate equation
can be fit to the plot of [Cluster] vs. time using nonlinear regression in Mathematica
(Wolfram Research, Champaign, IL) to determine the pseudo first-order rate constant
(See Appendix D for examples). It should be noted that for consistency, product
clusters were grouped into families of ions based on the number of sulfur atoms added
upon reaction (See Scheme 7.2 for example). This treatment allows all reactions to be

considered sequential reactions simplifying the derivation of the integrated rate
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equations for complex branching reaction schemes. Taking into consideration
differences in reduced mass (u#’y) and H,S pressure (P,), the experimentally
determined pseudo first-order rate (k.l) constants were then converted to reaction
efficiencies (k/k.) relative to ki for the fastest observed reaction

Scheme 7.1

[CA(NO3)(CH;0H)]" + H,S(g) [Cd(SH)(CH;0H)] +HNO,

4x10torr

k! =285+ 0.27s!

1
k ki ( Ui )/2 (4X10_9t0rr) 7

ke 2.85s 1 \29.19Da Py

which was assumed to proceed at the collision rate. It is important to point out that
the error associated with kI (2.85 + 0.27s™") is far larger than that for most other
determined pseudo first-order rate constants; therefore, the accuracy of all reported
k/k. values is limited to 9.5% unless otherwise specified. Further explanation of this

approach and the instrumental design can be found in Chapter 2.

When possible, Gaussian (Wallingford, CT) was used by Kaitlin Papson
to examine the thermodynamic properties of the observed reactions between metal salt
clusters and hydrogen sulfide. Gaussian is able to characterize the potential energy
surface of a reaction allowing the change in reaction energy (AE) to be calculated.
This information is used for comparison to experimental results. All theoretical results
are ground state density functional theory (DFT) calculations done using the B3LYP

hybrid functional and LANL2DZ basis set.
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7.3 Results and Disscussion

7.3.1 Anionic Reactions

Electrosprayed solutions of cadmium salts (Cd(NO3),, Cd(CH3COO), and
CdCl,) produce ions of the type [CdxLax+1] (x = 1-4, L = NO3, CH3COO, or Cl) in
negative ion mode. Individual clusters were isolated in the source region of the
instrument and exposed to H,S (g) in the ICR cell. Both cadmium nitrate and
cadmium acetate anionic clusters were shown to react readily with hydrogen sulfide in
the gas phase. Cadmium chloride clusters ([CdxClyx+1], x=1-4), although able to be
observed using electrospray, did not display any reactivity under the conditions of the
experiment. A representative set of mass spectra can be found in Figure 7.1 for the
reaction of [Cd,(NO3)s]” with hydrogen sulfide. It can be seen that the first reaction
product is the sulfidic cluster [Cd,SH(NO3)4] resulting from substitution of NO;3™ by
SH™ losing HNOs as a neutral. As reaction time proceeds, a second bisulfide can
replace a nitrate ligand or [Cd,SH(NOs)4]” can lose HNO; to make [Cd;S(NOs)3].
Although unlikely, the possibility of [Cd,S(NOs);]” being a direct product of
[Cd2(NO3)s] through a loss of 2HNOj3 cannot be ruled out. This reaction sequence is
highlighted in Scheme 7.2. As mentioned earlier, the observed reaction products were
grouped into families of clusters based on the number of sulfur atoms added upon
reaction with H,S. The simplified sequential reaction scheme (See Scheme 7.2) is
then used to generate kinetic plots as seen in Figure 7.2. The data points represent the
sum of isotopically adjusted relative intensities for all clusters associated with each
cluster family. For example, the orange data set (Cd,S; cluster family) in Figure 7.2
represents all observed clusters with one sulfur added ([Cd,SH(NOs)s] and

[Cd2S(NOs3)s]) for the reaction of [Cd2(NOs3)s]” with H,S. The lines are fit to the data
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using the appropriate integrated rate equations to determine the pseudo first-order rate
constants for the simplified sequential reaction scheme. Pseudo first-order rate
constants are converted to reaction efficiencies which, for all reported anionic gas

phase ion-molecule reactions, can be found in Table 7.1.

Scheme 7.2
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Figure 7.1. Mass spectra taken at different reaction times for the reaction between
[Cd2(NOs)s]” and H,S (g). Results show the formation of various
sulfidic product ions over time (Pressure = 4x10” Torr).
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The observed product ions for the reactions between anionic cadmium
nitrate salt clusters and hydrogen sulfide can be found in Table 7.2. No reaction
products were detected for the single cadmium complex, [Cd(NOs)s], at either
4.0x10” or 9.0x10” torr of H,S. For larger cadmium nitrate clusters ([Cdx(NO3)ax+1],
x = 2-4), reaction with hydrogen sulfide results in the substitution of nitrate ligands for
bisulfide losing HNO; as a neutral. Sulfide ligands are then formed with the
additional loss of nitric acid. The kinetic plots for each of these reaction sequences
can be found in Figures 7.2-7.4. As can be seen in Table 7.1, these reactions are
generally inefficient (kv/k. < 5%) and fairly constant for all steps of the reaction.
Although larger metal clusters were not susceptible to examination using Gaussian
(See Table 7.3) with our computing resources, theoretical results for the single anionic
cadmium nitrate complex are consistent with experimental results. DFT calculations
confirmed that the reaction between [Cd(NOs);]” and H,S is an endothermic process.
These results are of particular importance in comparison to the solution based
chemistry as discussed in Chapter 6. Similar to the observed gas phase ion-molecule
reactions, solution reactions between cadmium nitrate clusters and H,S displayed
substitution of nitrate for sulfate in larger clusters while no sulfidic reaction products
were observed for the single cadmium nitrate complex. This suggests the chemistry
that governs the formation of metal sulfide clusters is similar in both gas and

condensed phases.
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Table 7.2. Observed product ions for the reaction between cadmium nitrate clusters

and hydrogen sulfide.

Cluster

Families [CA(NOs)s] [Cdx(NO3)s] [Cd3(NOs)7] [Cdy(NO3)o]

Cd,S; [Cd,SH(NOs)4]  [Cd3;SH(NOs)e] [Cd4SH(NO3)s]

[Cd,S(NOs)s] [Cd3S(NO3)s] [CdsS(NO3)7]

Cd,S, [Cdx(SH)2(NO3);] [CdsS(SH)(NO3)4]” ([CdaS(SH)(NO3)6]
[CdsS2(NO3)s]

Cd,S; [Cd3S(SH)>(NO3)3]" [CdsS2(SH)(NO3)4]

: No reaction products observed
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Table 7.3. Theoretical reaction energies for the reactions between
mononuclear salt complexes and hydrogen sulfide in
relation to experimentally determined reaction

efficiencies.
Modeled AE (keal/mol) ik,
Complexes
[CA(NOs)s] 9.7109 No Observed reaction
[CA(CH3COO)s] | _6.2361 0.032
[CACL] 8.8246 No Observed Reaction
[CANOs]" -17.4419 1.00"
[CdOH]" -27.1828 0.77"
[CdCl)” *

-11.1628 0.16

[ZnC1)* -11.9029 0.037"

: No reaction products observed; *k;/k. values are for solvated
(CH30H) forms of these ions.
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Figure 7.3. Kinetic plot for the substitution reaction of [Cd3;(NO;);]” with hydrogen

sulfide using a simplified sequential pseudo first-order model (Pressure
=4.0x10” Torr).

130



1.0 cseese

[Cdy(NO;)s] +H,S (g)

0.8 ®

=]
@
L]

Relative Intensity
°

o
B
»

L

02 : et B

e s @ ) L ]
00| cmmmmososose & & o o o .
a 10 20 30 40 50 60 70

Reaction Time (s)

Figure 7.4. Kinetic plot for the substitution reaction of [Cds(NOs)e]” with hydrogen
sulfide using a simplified sequential pseudo first-order model (Pressure
=4.0x10” Torr).

The detected products for the reaction between cadmium acetate clusters
([Cdx(CH3COO)x+1], x=1-4) and H,S can be found in Table 7.4. Unlike cadmium
nitrate, hydrogen sulfide reactivity was observed for all examined anionic cadmium
acetate clusters. As seen in Figure 7.5, the single cadmium acetate complex
([CA(CH3COO)3]) displays successive acetate ligand substitutions for bisulfide
displacing HOAc as a neutral. Experimentally determined reaction efficiencies (Table
7.1) show substitution of all three ligands to be a fairly slow process (k/k. < 5%).
Observed reactivity for this complex is rationalized by the theoretical results (Table
7.3) showing the first step of this reaction to be energetically favorable

(AE = -6.2361). [Cdy(CH;COO)s]" and [Cd3(CH;COO0),] exhibit similar reactivity to
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their nitrate cluster counterparts (See Scheme 7.2) forming both bisulfide and sulfide
ligated clusters with generally low reaction efficiencies for all steps in the reaction
sequence (Table 7.1). Kinetic plots for these reactions can be found in Figures 7.6 and

7.7 respectively.

Table 7.4. Observed product ions for the reaction between cadmium acetate clusters and

hydrogen sulfide.

Cluster

Families [Cd(OAc)s] [Cd2(OAc)s] [Cd3(OAc) ] [Cda(OAc)s]

CdS:  |[CdSH(OAc),]” [Cd:SH(OAc)s]  [Cd3S(OAc)s] [Cd4S(OAc);]
[Cd2S(OAc)s]

CdiS;  |[CA(SH)A(OAC)]" [Cdx(SH)2(OAc);]” [CdsS(SH)( OAc)4]
[Cd2S(SH) OAc),]

CdS;  |[CA(SH);T [Cd2S(SH)2(OAc)]” [Cd3S(SH)2(OAc)s]

CdxS4 [Cd2S(SH)s] [Cd3S(SH)3(OAc), ]

Cd,Ss [Cd3S(SH)4(OAc)]” [CdsSx(SH)3(OAc),]

[Cd3S2(SH)s]
CdSe [CdsS(SH)4] [CdsS2(SH)4(OAC)T
[Cd4S3(SH)s]
CdsSs [Cd4S2(SH)s]

OAc: Acetate Ligand (CH3COOQ"), =: No reaction products observed
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Figure 7.5. Kinetic plot for the substitution reaction of [Cd(CH3COQO);]" with
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Figure 7.6. Kinetic plot for the substitution reaction of [Cdy(CH;COO)s]” with
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Figure 7.7. Kinetic plot for the substitution reaction of [Cd3(CH3COO);]" with
hydrogen sulfide using a simplified sequential pseudo first-order model
(Pressure = 4.0x10” Torr).

Unique in comparison to all other reactions reported is the interaction
between [Cds(CH3COO)9] and H,S. Similar to other systems, [Cds(CH3COQO)o]
reacts to form sulfidic clusters with both bisulfide and sulfide ligands with the initial
steps of this process being rather inefficient (See Table 7.1). However, only initial
(Cd4S)) and final (CdsSs - CdsS7) product clusters are observed for this reaction
sequence at both pressures tested (4.0x10° and 9.0x10® torr). The lack of
intermediate species (CdsS,, CdsS;, and CdsS4) suggests that the reaction efficiencies
associated with these products (ks;/k., kuk. and ks/k.) must be very high. A

combination of high efficiency for these middle steps along with very slow initial

135



steps would not allow any significant build up of intermediate products. To model this
system it was assumed that ky/k. kyk. and ks/k. were collision rate limited as
highlighted in Scheme 7.3. The kinetic plot for this reaction (Figure 7.8) shows the
fits using this model to be reasonable suggesting that it is an appropriate description of
the reaction sequence. The fast intermediate reactions of this cluster are unusual in
that they are the most efficient processes observed in larger clusters. Overall, anionic
clusters are characterized by slower reactions which can be explained, in comparison
to their cationic counterparts, in that they have fewer open metal coordination sites.
Moreover, in the case of cadmium acetate, the additional ligands in the anionic
clusters would be expected to further slow substitution reactions due to negative steric
effects caused by the methyl groups. With that said, the enhanced reactivity of
[Cd4(CH3COO)9] seems to point to unique structural features in comparison to similar

systems.
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Scheme 7.3
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Figure 7.8. Kinetic plot for the substitution reaction of [Cds(CH;COOQ)¢] with
hydrogen sulfide using a simplified sequential pseudo first-order model
(Pressure = 4.0x10” Torr).

7.3.2 Cationic Reactions

Cationic clusters produced by positive mode electrospray vary greatly
depending on the specific salt solution being analyzed. Similar to clusters observed in
negative mode, ESI of cadmium acetate solutions generates a series of cationic
clusters of the type [Cdy(CH3COO),,1]" (x = 2-4). However, for cadmium acetate
solutions no single cadmium complexes were detected while operating in positive
mode. On the other hand, for all other metal salt solutions analyzed in positive mode
(Cd(NO3),, CdCl,, and ZnCl,) only solvated single metal complexes were able to be

isolated for reaction with hydrogen sulfide. Additionally, [CdAOH(CH;OH)]" was
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produced using cadmium nitrate solutions presumably from substitution of the nitrate
ligand by water forming the hydroxy complex. Although solvated complexes were not
able to be modeled using Gaussian, DFT calculations show reaction of all relevant
cationic clusters to be energetically favorable (Table 7.3). As with the anionic
reactions, all cationic systems were modeled as sequential pseudo first-order processes
by organizing product ions into families based on the total number of sulfur atoms

added. Reaction efficiencies for the cationic systems can be found in Table 7.5.
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The observed product ions for the reaction between cationic cadmium acetate
salt clusters and hydrogen sulfide can be found in Table 7.6. As mentioned earlier, no
single cadmium complexes were detected using positive mode ESI. The product ions
for the reaction between larger cationic cadmium acetate clusters
([Cd(CH3COO0)2.1]", x = 2-4) and hydrogen sulfide are much different than those
seen for the similar anionic clusters. As can be seen in Table 7.5, the initial reaction
steps are much more efficient (k,/k. > 37%) for the cationic reactions. These first steps
are associated with substitution of acetate by bisulfide ligands losing CH3COOH as a
neutral. Again, similar to anionic clusters, the cadmium bisulfide species undergo
unimolecular reactions losing acetic acid to form sulfide ligands at longer reaction
times. Unique to the cationic reactions, the reaction efficiency decreases greatly
(kv/k. < 7%) as the reaction proceeds. At longer time scales, these more inefficient
processes are linked to H,S addition reactions. It should be noted that it is unknown
whether H,S is simply being added to the cationic cluster or if the bisulfide species is
formed and not enough energy is released to eject CH3COOH. Scheme 7.4 illustrates
this complex reaction sequence for [Cds(CH3COO);]". This reaction scheme, in
particular, highlights the necessity of the simplified ‘cluster family’ model. Kinetic
plots for reactions between [Cdx(CH3;COO)a,.1]" (x = 2-4) and hydrogen sulfide can be

found in Figures 7.9-7.11.
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Table 7.6. Observed product ions for the reaction between cadmium acetate
clusters and hydrogen sulfide.

Cluster . . .
Families [Cd2(OAC)] [Cd3(OAC)s] [Cds(OAC)7]
Cd,S, |[Cd:SH(OAC),]" [Cd;SH(OAC).] [Cd,SH(OAC)s]"
[Cd3(OAC);(H2S)]"
Cd,S; |[Cd:SH(OAC),(H:S)]"  [Cds(SH)2(OAc)s] [Cd4(SH)>(OAc)s]"
[Cd3SH(OAC)s(H2S)]”  [CdsS(SH)(OAc)s]”
[CdsSH(OAC)s(H2S)]"
Cd,S; [[Cd:SH(OAC),(HaS)]"  [Cds(SH)3(OAc),] [Cd4(SH)3(OAc)s]"
[Cd3(SH)2(0OAC);(H2S)]" [CdsS(SH)2(OAC);]"
[Cd4(SH)2(OAC)s(H2S)]"
Cd,S4 [Cdg.(SH)3(OAc)2(HZS)]+ [Cd4(SH)4(OAc)3]+
[Cd4S(SH)3(OAc),]"
[Cd4(SH)3(OAC)s(HS)]"
Cd,Ss [Cd4S(SH)4(OAC)]"
[CdsS(SH)3(OAC)(HoS)]

OAc: Acetate Ligand (CH3COOQ"), : No reaction products observed
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Figure 7.9. Kinetic plot for the substitution reaction of [Cd,(CH;COO);]" with

hydrogen sulfide using a simplified sequential pseudo first-order model
(Pressure = 4.0x10” Torr).
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Figure 7.10. Kinetic plot for the substitution reaction of [Cd3(CH;COO)s]” with
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Figure 7.11. Kinetic plot for the substitution reaction of [Cd4y(CH3COO),]" with
hydrogen sulfide using a simplified sequential pseudo first-order model

(Pressure = 9.0x10” Torr).
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The last group of reactions studied was between solvated metal salt complexes
and hydrogen sulfide. Observed reaction products can be found in Table 7.7 and
kinetic plots can be found in Figures 7.12-7.15. In all cases, the primary reaction
channel involves simple substitution of the lone anionic ligand for bisulfide with the
bound solvent molecules remaining following the reaction. For the reaction between
[CACI(CH30H)]" and H,S (Table 7.7, Figure 7.14) a minor channel stemming from
substitution of the solvent molecule for H,S is observed. It should be noted, however,
that [CdSH(CH3;OH)]" is the dominate reaction product. The persistence of solvent
molecules throughout the reaction suggests that they do not play a role in the
chemistry of metal sulfide formation. This further demonstrates the suitability of gas

phase ion-molecule reactions as models for aqueous metal sulfide reactions.

The reactions of cationic complexes allow for a number of important
comparisons to be made. The cadmium nitrate complexes ([CANO3;(CH;OH)(H,0)]"
and [CANO3(CH3OH)]") show a decrease in reaction efficiency (Table 7.5) with an
increase in solvation highlighting solvent shell effects on reactivity. The cationic
cadmium complexes also illustrate effects of counter ion on reactivity with the order
being NO3 > OH™ > CI' in terms of reaction efficiency (Table 7.5). Comparisons
between cadmium and zinc were also made (Table 7.5) showing the reaction of H,S

with [CdCI(CH30H)]" to be much more efficient than [ZnCI(CH;0H)]".
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Table 7.7. Observed product ions for the reaction between cadmium
acetate clusters and hydrogen sulfide.

Cluster Families Cds, Cds,
[CANO;(CH3;0H)(H,0)]" [[CdSH(CH3;0H)(H,0)]"
[CANO;(CH;0H)]" [CdSH(CH;0H)]"
[CdOH(CH;0H)]" [CdSH(CH;0H)]"
[CACI(CH;0H)]" [CdSH(CH;0H)]" [CASH(H,S)]"
[CACI(H,S)]"
[CdSH]"
[ZnC1(CH;0H)]" [CASH(CH3;0H)]"
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Figure 7.12. Kinetic plot for the substitution reaction of [CANO3(CH;OH)(H,0)] with
hydrogen sulfide (Pressure = 4.0x10” Torr).
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Figure 7.13. Kinetic plot for the substitution reaction of [CANO3(CH;OH)]" and
[CAOH(CH30H)]" with hydrogen sulfide using a simplified sequential
pseudo first-order model (Pressure = 4.0x10™ Torr).
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Figure 7.14. Kinetic plot for the substitution reaction of [CdCI(CH;0H)]" with

hydrogen sulfide using a simplified sequential pseudo first-order model
(Pressure = 4.0x10” Torr).
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Figure 7.15. Kinetic plot for the substitution reaction of [ZnCI(CH3;OH)]" with

hydrogen sulfide using a simplified sequential pseudo first-order model
(Pressure = 4.0x10” Torr).

7.4 Conclusions

Gas phase ion-molecule reactions between metal salt clusters and

hydrogen sulfide were described using a simplified sequential pseudo first-order

kinetic model. Reaction energies, determined using DFT calculations, were consistent

with all observed reactions.

Anionic reactions were shown to proceed with low

reaction efficiencies (kvk. < 5%) except for the reaction between [Cd4y(CH3;COO)o]

and H,S in which intermediate steps were shown to proceed very rapidly after initial
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sulfide substitution. No reaction products were observed for any anionic cadmium
chloride cluster. Cationic metal salt clusters were shown to react with much higher
efficiencies, however, reaction rates decrease substantially in later reaction steps.
Although bound solvent molecules were shown to not participate in ligand substitution
reactions, an increase in the number of solvent molecules resulted in a decrease in
reaction efficiency presumably due to steric effects. Additionally, evaluation of the
ligands tested showed NOs; > OH > CI in terms of reaction efficiency while higher
reaction rates were observed for cadmium in comparison to zinc. Gas phase ion-
molecule reactions were also found to be consistent with the observed solution phase
reactivity of cadmium nitrate clusters. This comparison, in combination with the
results for solvated cationic complexes, suggest that gas phase ion-molecule reactions
of metal salt clusters with hydrogen sulfide can be used as models for metal sulfide

formation in aqueous systems.

The reactions between metal salt clusters and hydrogen sulfide may
represent the initial steps in the continuum going from dissolved ions to solid
particulate matter and therefore are the foundation for understanding metal sulfide
formation and nucleation. The direct observation of cadmium salt growth in aqueous
solutions and the similarities between the gas-phase and solution-phase reactivity for
cadmium nitrate clusters allow for speculation as to how metal sulfide nucleation
reactions proceed. Particularly in hydrothermal systems where metal concentrations
are high, our data suggests that small metal sulfide molecular species may not be the
building blocks of particulate matter. Instead, at least initially, cluster growth seems
to proceed through the addition of metal salt units. These salt clusters can then react

with H,S as highlighted in our results. Additionally, our results may point to anionic
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metal sulfide species overshadowing both cationic and neutral species in initiating
cluster growth in aquatic environments. Neutral and cationic clusters have open
binding sites which would presumably be occupied by solvent molecules in solution.
We propose that sulfidic ligands (HS™ or S*) would readily displace the bound neutral
solvent molecules due to the strong binding energy associated with the formation of
metal sulfide bonds. The strength of the metal-sulfur interaction is demonstrated by
formation of HNO3; and HCI as products of the reaction between metal salt clusters

and H,S despite the fact that these species are strong acids.

Finally, it should be noted that these studies outline methods for producing
mass selected ion beams for further studies. Guided ion beam studies, for example,
might provide accurate fragmentation energies of the clusters [35]. Multiphoton
infrared dissociation studies using tunable free electron lasers might provide
vibrational frequencies of the clusters [36]. Finally soft deposition methods have been
developed that might provide a means for depositing the mass selected clusters on a
surface for further studies and perhaps ultimately new kinds of semiconductor films
[37]. The development of methodology for producing mass selected metal sulfide

species provides an entirely new perspective on the study of these important materials.
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Chapter 8

CONCLUDING REMARKS

The unique and powerful capabilities of ESI FT-ICR mass spectrometry
have been utilized for the analysis of complex environmental samples. The research
featured in this dissertation is a true example of modern multidisciplinary research
covering environmental, analytical, physical, inorganic and biochemistry. From an
analytical perspective, this work provided training in traditional mass spectrometry
analysis characterizing samples based on mass accuracy and fragmentation
experiments in addition to more innovative techniques such as energy-resolved SID
experiments and gas phase ion-molecule reactions. The following is a synopsis of my

finding and thoughts on how they may fit into a broader range of applications.

Following an overview of the experimental methods, Chapter 3 describes
the affect of oxidation on fragmentation patterns of peptides using energy-resolved
surface-induced dissociation, RRKM modeling, and molecular dynamics. The new
low-energy fragmentation pathways resulting from oxidation of tyrosine and histidine
were found to be entropically driven requiring significant conformational
rearrangement in the formation of the transition states for each unimolecular reaction
pathway. Oxidation of tyrosine, resulting in the addition of another hydroxyl group in
the 2-position, was seen to induce acidic cleavage C-terminal to the modified residue.
Although ozonolysis of histidine leads to a more complex picture, the energetics are

determined mostly by the lowest energy dissociation mechanism resulting in the
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[MH+30]"-45 fragment. This cleavage is driven by strong hydrogen bonding
interactions within the modified histidine side chain as highlighted by the molecular

dynamics results.

In addition to clarifying the affects of ozone exposure on peptides, these
findings build upon the extended body of research involving the fundamentals of
peptide fragmentation in the gas phase. The understanding of dissociation
mechanisms for oxidized species is an essential next step. These results not only
provide the basis for characterizing environmentally significant ozonolysis reactions
but also provide valuable insight into how oxidized peptides fragment in general

which can be used to more efficiently sequence modified proteins.

In Chapters 4-7 the focus shifted to understanding environmentally
significant metal sulfide nucleation processes using ESI FT-ICR mass spectrometry.
To begin with, there is a discussion on the unique observation of metal salt cluster
growth in binary water-methanol solutions (Chapter 5). It was found that the relative
concentrations of cadmium nitrate clusters shift to larger species following dilution of
aqueous salt solutions with methanol. This behavior is thought to transpire due to a
decrease in dielectric constant as the hydrogen bonding framework of water is
disrupted by the addition of methanol. Placed in an environmental context, it is
believed that metal salt clusters may be more appropriate starting points than
completely dissociated ions in understanding metal sulfide reactions at hydrothermal

vent sites under supercritical conditions.

Chapter 6 described our attempts to use molecular capping agents to

interrupt particle formation in aqueous solutions. Solutions of cadmium nitrate and
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the capping agent 2-mercaptopyridine following reaction with H,S showed capped
metal clusters with sulfate ligands added. Sulfate species are thought to be oxidized
forms of sulfide ligands. The reactivity of cadmium nitrate clusters or, more
specifically, the lack of observed reactivity for [Cd(NO;);]” with H,S in solution
provided a valuable connection between similarities of solution based reactions and

the gas phase ion-molecule reactions described in Chapter 7.

The gas phase ion-molecule reactions of metal salt clusters with hydrogen
sulfide provided a unique approach for characterizing the initial steps of metal sulfide
nucleation (Chapter 7). Ions produced from solutions of Cd(NOs;),, Cd(CH3COO),,
CdCl, and ZnCl, were analyzed. Anionic reactions were characterized as slow and
constant with all steps having reaction efficiencies < 5%. An exception to this trend
was [Cds(CH3COO)¢]” which displayed very fast intermediate bisulfide substitutions
following initial formation of [CdsS(CH3COO)o]. The cations on the other hand,
generally react initially with much greater reaction efficiencies and slow down
significantly as the reaction proceeds. Comparison of ligating species showed NO3™ >
OH" > CI in terms of reaction efficiency and cadmium species were observed to react

with faster rates than zinc.

As with all good research, the metal sulfide project has generated more
new and interesting questions than answers. In the context of the overall project goals,
ESI FT-ICR mass spectrometry has successfully characterized the realm of metal
complexes and molecular clusters along the pathway through nanoparticulate to solid
state material. Our collaborators, on the other hand, have been able to use UV/Vis
spectroscopy to determine sizes of larger metal sulfide nanoparticles. Unfortunately,

as depicted in Figure 8.1, the gap between these two domains was unable to be
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bridged. Further work is needed to expand the capabilities of mass spectrometry to
larger clusters and enlist new techniques to characterize smaller metal sulfide

particles.

=== Mass
o Spectrometry
Clusters
. UV/VIS
Nanoparticles Spectroscopy

Solid state l o
material

Size (nm)

Figure 8.1. The study of metal sulfide precipitation using a collaborative
multifaceted analytical approach. ESI mass spectrometry was found
to be effective for characterizing metal sulfide complexes and
clusters while UV/VIS spectroscopy was useful for determining size
of nanoparticles.
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The success of this work, however, is not strictly limited to understanding
the mechanism of metal sulfide precipitation. A number of novel experiments have
developed from the gas phase ion-molecule reactions of metal sulfides. In addition to
the obvious shift to other metal systems such as iron and copper, a priority is to
produce metal sulfide clusters in the source region of the FT-ICR mass spectrometer
allowing isolation of product ions for structural analysis using various fragmentation
techniques and IR spectroscopy. Producing metal sulfide clusters in the source region
may also lead to a method for depositing mass selected clusters surfaces to generate
novel semiconductor thin films. Additionally, interest in our work has sparked other
research groups to take advantage of gas phase ion-molecule reactions to understand
reactions of environmentally significant clusters and particles. Building from a
positive relationship with the Johnston group at the University of Delaware, our work
has been the starting point for their research on amine exchange reactions into
ammonium bisulfate and ammonium nitrate clusters. This speaks to the true
collaborative nature of science. It is not what has been done that motivates, but the

possibility of what is to follow that truly inspires curiosity.
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Appendix B

HYDROTHERMAL VENTS: DISCOVERY OF A NEW ECOSY STEM

B.1 Abstract

Described herein is a multifaceted Problem-based Learning activity in
which students discover hydrothermal vents while being exposed to topics such as
properties (physical and chemical), chemical bonding, oxidation states, and energy
transfer in environmental systems. The activity is designed for students to work
together in small groups (2-4 students) on a three stage project that helps students
understand how to tackle complex problems. For advanced college students, the level
of difficulty can be adjusted by only providing students with the ‘Overview’ section of
the problem. The activity was designed for high school physical science classes made
possible through funding from the University of Delaware GK-12 Fellowship
program, a partnership with the New Castle County Vocational Technical School

District (www.udel.edu/GK-12).

B.2 Problem Content

This activity is targeted towards high school physical science (9th grade),
high school chemistry, and general college chemistry students. The problem is broken
down into separate tasks to provide younger students with direction and is designed to
be completed in two 50 minute class periods. See Hydrothermal Vent Activity v3 at

www.udel.edu/GK-12/spraggins.html for the project website.
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B.2.1 Overview

Found in the deepest, darkest reaches of our planet hydrothermal vents
(aka: ‘black smokers’) represent one of the more extreme environments on earth.
Despite the difficulty in exploring these unique ecosystems, they continue to be the
focus of much research which is proving to answer some of our greatest questions.
Imagine that you and your partner are the first scientists to ever see a hydrothermal
vent. As you plunge deep into the abyss near the Mid-Ocean Ridge system you see
them... Chimneys reaching as high as a 15 story building with billowing smoke stacks
shooting from their tops. Amazed by what you are seeing, you lean over to your fellow

scientist and ask "How can there be smoke underwater? This is CRAZY!"

Your Task: Thinking like a Geochemist, describe the chemical makeup of
the 'smoke' coming from these underwater chimneys. Use the provided links (see
Student Resources: Websites) to work through Parts I-III. This should help you answer

the question... What is the smoke?

B.2.2 Part |: The Basics

So, where to begin? Whenever faced with a tough problem, start with the
basics. Hydrothermal Vents...What are they? Where do you find them? You have 10

min to work through this section....GO!

B.2.3 Part | I: Properties

Now let’s get down to business! You remember way back when we
learned about Physical properties...Well, now it's time to dust off that piece of

knowledge and use it. To scientifically describe hydrothermal vent 'smoke' we need to
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understand the physical properties near hydrothermal vents. What is it like inside the

vent? How do the physical properties change as you move away from the vent?

What about chemical properties? What atoms, ions, or molecules make up

the 'smoke'? What reactions are taking place?

B.24 Part |I1: Energy

Well you made it! This is our last task for the day. Let’s switch our focus
a bit to how the 'smoke' is made. Think back to when we talked about energy transfer.
...Describe how energy is transferred in this system. To really understand
how this underwater 'smoke' is made we need to understand how energy transfer and

hydrothermal vents are related. Give it a shot....

B.3 Student L earning Objectives

*  To understand matter classification: element vs. compound

*  To differentiate atoms and ions.

*  To determine oxidation numbers of elements using the periodic table

*  Knowing oxidation numbers, be able to write balanced chemical reactions.

* To describe energy transfer in hydrothermal vent ecosystems
(chemosynthesis).

B.4 Teacher Notes

This problem was originally designed for high school physical science
classes (9th grade) which focus primarily on chemistry while lightly covering both

physics and earth science. For this activity there were two instructors acting a roving
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facilitators with a typical class size of roughly thirty students. Groups were comprised
of 2-4 students with one computer for every two students. In addition to covering
specific state testing standards (properties, chemical bonding, and oxidation numbers),
we wanted to use this activity to highlight the connectivity between the course

material and natural environments.

B.4.1 Teacher Notes: Overview

A good way kick off the activity and grab the students’ attention is to
show a short video clip of hydrothermal vents while the ‘Overview’ is read aloud.
Discovery Channel has a number of specials covering vents. We observed that our
high school students immediately go to Google and search ‘what is smoke?’ getting no
search hits that are associated with hydrothermal vents. For this reason we adjusted
the activity in later versions to only have students use the websites provided (See
Student Recourses: Websites). For high school students, this is a great opportunity to
talk to groups about how to effectively use the internet as a search tool. It can be
useful to allow students to take some time to address the question before introducing
Parts I-IIT which were written in later versions to help direct the students to a thorough

answer and to ensure that we cover specific learning goals.

B.4.2 Teacher Notes: Part |

This section is pretty basic and students generally have little issue with
answering these questions. For our high school students the major hurdle we faced

was getting the students to expand their answers. They are in a multiple choice/short

170



answer mind set and PBL activities are a great way to help students develop more

complete ideas.

B.4.3 Teacher Notes: Part ||

Our students have prior experience with physical properties and this
activity builds off their understanding. To properly describe the ‘smoke’ coming out
of these vents a physical understanding of this extreme environment is essential. We
want them to describe the area surrounding hydrothermal vents in terms of
temperature gradients, pressure and lack of sunlight. Ultimately, our best student
projects will highlight the connectivity between these physical factors and the
chemical properties of this system. To ensure our students cover the appropriate
learning goals, it is important to direct the students to describe the chemical reactions
taking place inside the hydrothermal vents. In addition, understanding the difference
between atoms and ions was an important concept that we wanted to cover with this
activity; therefore, as we worked with the groups we introduced oxidation numbers

which also led to discussion on how to balancing chemical reactions.

B.4.4 Teacher Notes: Part |11

As a final aspect of the activity, we wanted to take the opportunity to have
the students think about energy transfer in natural systems. Environments around
hydrothermal vent communities provide a unique perspective on this subject due to the
lack of sunlight and, therefore, lack of photosynthetic processes. Instead these
ecosystems are powered by chemosynthesis which is ultimately driven by the nuclear

decay reactions taking place within the core of our planet. It is a basic understanding
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of the transfer of energy in the following natural sequence that we want our students to
discover: exothermic nuclear decay reactions — heating water — specific chemical
reactions — chemosynthetic bacteria — symbiotic relationship with vent-dwelling

animals.

B.4.5 Teacher Notes: Thoughts on College Settings

Although this activity has been developed for high school students, many
of the concepts covered are learning goals in college level courses such as general
chemistry, biochemistry, and environmental chemistry. For students of this level it
may be more appropriate to only provide the students with the ‘Overview’ section of
the problem and use ‘Parts I-III” as topic points as the facilitators work with individual
groups. In addition, there is a vast body of literature in scientific journals (See
Resources: Journals for examples) discussing hydrothermal vents for college level

students to utilize.

B.5 Assessment Strategies

Two strategies have been used to assess student understanding depending
on the amount of time we wanted to devote to this activity. The most straightforward
assessment we have used is to have the students fill out an essay response form as they
are working on the activity in class. At other times, we have had our students develop
reports on their findings using a wiki software platform such as wikispaces.com.
There is a bit of a learning curve for students with no wiki experience, but the
advantage is that all group members can work on the activity outside of the classroom

as long as an internet connection is available.
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B.6 Student Resour ces

B.6.1 Websites
http://www.udel.edu/GK-12/Material/2008/CM/Spraggins/vent/hvoverview.html

e This entire activity can be found online as a part of the University of Delaware
GK-12 Fellowship Program website under ‘Materials’ by Jeffrey Spraggins.

http://www.ocean.udel.edu/expeditions/

e The College of Marine and Earth Studies at the University of Delaware
(Lewes, DE) has set up an amazing set of educational websites highlighting
hydrothermal vents and the unique ecosystem found at these extreme
environments.  The sites can be used as the primary source of research for
younger students and as a starting point for advanced students.

http://www.lostcity.washington.edu/index.html

e This is an additional resource covering hydrothermal vents set up by the
University of Washington (Seattle, WA).

B.6.2 Journal Articles
Advanced students can use the following scientific journal articles as resources.

Martin, W., Baross, J., Kelley, D., & Russell, M. J. (2008). Hydrothermal vents and
the origin of life. Nature Reviews Microbiology, 6(11), 805-814.

e This review article covers various types of hydrothermal vents and the
chemical reactions taking which drive chemosynthesis in these extreme
environments. It also discusses how these ecosystems relate to the early
developmental stages of life on our planet.

Boetius, A. (2005). Ocean science: Lost city life. Science (Washington, DC, United
States), 307(5714), 1420-1422.

e A review article that focuses on the submarine hydrothermal vent field know
as the Lost City. This article describes the relationship between the unique
chemistry taking place here and the organisms that call the Lost City home.
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B.7 Instructor Resour ces

In addition to the sources listed under Section A.6: Student Resources, the

following is a more comprehensive list of online references for instructors.

B.7.1 Websites
http://www.udel.edu/GK-12/Material/2008/CM/Spraggins/vent/hvoverview.html
http://www.ocean.udel.edu/expeditions/
http://www.lostcity.washington.edu/index.html
http://walrus.wr.usgs.gov/pubinfo/smokers.html
http://www.amnh.org/nationalcenter/expeditions/blacksmokers/
http://oceanexplorer.noaa.gov/explorations/02fire/welcome.html
http://www.wnet.org/savageseas/deep-side-smokers.html

http://www.panda.org/about wwf/what we do/marine/news/stories/index.cfm?uNews
ID=2593

http://www.sciencenews.org/articles/20010714/fob3.asp
http://www.accessexcellence.org/BF/bf03/somero/bf03a8.html
http://www.resa.net/nasa/ocean_hydrothermal. html
http://www.pmel.noaa.gov/vents/plumestudies.html

http://www.divediscover.whoi.edu/vents/index.html

174



Appendix C

OXIDIZED PEPTIDE PEAK LISTSFOR SURFACE INDUCED
DISSOCIATION EXPERIMENTS

Provided below are the detailed peak lists for the 60 eV SID spectra of angiotensin II
(Angll: DRVYIHPF) and the ozonolysis products Angll+O (DRVY IHPF),
AnglI+30 (DRVYIH PF) and Angll+40 (DRVY TH PF).
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C.1. Detailed peak list for DRVYIHPF: 60 eV SID

r"lr“ll};:oretical iesili(gnmen ¢ Eﬁgerimental Abundance Deviation
138.0667 H 138.06670 10.29352 0
211.1559 RV-28-17 211.15577 5.3219476 -0.00013
223.1559 IH-28 223.15571 5.801106 -0.00019
235.1195 HP 235.11971 18.9970665 0.00021
239.1508 RV-NH; 239.15133 239.15133 0.00053
251.1508 IH 251.15053 251.15053 -0.00027
255.1093 b,-NH3 255.10934 255.10934 4E-05
256.1773 RV 256.17762 256.17762 0.00032
263.1396 V2 263.13962 263.13962 2E-05
354.1777 bs-NH3 354.17823 15.9668512 0.00053
371.2043 bs 371.20366 12.3357077 -0.00064
382.18794 y3-18 382.18906 25.3343067 0.00112
396.20354 YIH-H,O 396.20079 12.7393322 -0.00275
400.1985 y3 400.20406 8.5834322 0.00556
402.2141 RVY-NH;3 402.21558 6.0762796 0.00148
414.2141 YIH 414.21472 28.638216 0.00062
419.2407 RVY 419.23903 9.824728 -0.00167
513.2825 Va4 513.28618 29.1089172 0.00368
513.2825 VYIH 513.28618 29.1089172 0.00368
532.3247 RVYI 532.32885 15.3489017 0.00415
534.2676 by 534.26905 13.229208 0.00145
619.3568 as 619.37763 11.1160393 0.02083
647.3517 bs 647.36049 22.337162 0.00879
652.3571 RVYIH-NH; 652.36528 21.1077824 0.00818
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669.3837
676.3459
749.4099
766.4364
767.40786
775.4143
784.4106
896.47829
913.50484
914.4888
931.5154
1011.50519
1012.4892
1028.5318
1046.5423

RVYIH
ys
RVYIHP-NH;
RVYIHP
bs-OH

Yo

bs

y7-35

y7-H,O
y7-NH3

y7

MH" -35
MH"-2(NH3)
MH"-H,0
MH"

669.38879
676.3544
749.3805
766.42836
767.40585
775.42215
784.42914
896.47915
913.51786
914.48689
931.51939
1011.5155
1012.50537
1028.54153
1046.53786

28.0422897
21.2623196
11.4085035
13.9054604
16.5666542
14.9000645
38.652504
12.6077023
12.921175
22.6723957
348.4616089
33.7789688
18.000349
121.8215561
249.5424805

0.00509
0.0085
-0.0294
-0.00804
-0.00201
0.00785
0.01854
0.00086
0.01302
-0.00191
0.00399
0.01031
0.01617
0.00973
-0.00444
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C.2. Detailed peak list for DRVY IHPF: 60 eV SID

r"lr“ll};:oretical ie:;li{gnmen ts i};;)erimental Abundance Deviation
235.1195 HP 235.11942 5.3775167 -8E-05
239.1508 RV-NH; 239.14996 4.5849276 -0.00084
251.1508 IH 251.15063 10.8221455 -0.00017
255.1093 b,-NH; 255.10937 9.8227024 7E-05
256.1773 RV 256.17691 6.8217607 -0.00039
263.1396 y2 263.13815 13.8081198 -0.00145
263.1396 VY 263.13815 13.8081198 -0.00145
272.1359 b, 272.13535 16.0829334 -0.00055
343.2094 a3 343.20781 6.9622288 -0.00159
354.1777 bs-NH; 354.17696 5.1784577 -0.00074
364.19852 IHP+O 364.17737 9.9769268 -0.02115
371.2043 b3 371.20386 10.5913181 -0.00044
418.20907 (RVY+0O)-17  418.21188 4.058145 0.00281
430.20902 YIH+O 430.21322 3.7606411 0.0042
435.23562 RVY+O 435.23377 39.3845482 -0.00185
532.25196 bs+0O -H20 532.24843 9.9473553 -0.00353
550.26252 bs+O 550.25934 46.972702 -0.00318
800.40552 bet+O 800.43889 8.8981953 0.03337
929.4885 (21;/{11{;0)_88_ 929.47887 9.2784557 -0.00963
947.51032 y7+O 947.5034 54.2891579 -0.00692
1044.52666 [MH+0]™-18 ' 1044.51061 27.4118824 -0.01605
1062.53722 [MH+0]" 1062.5391 56.9309959 0.00188
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C.3. Detailed peak list for DRVYIH PF: 60 eV SID

r"lr“ll};:oretical iesili(gnmen ¢ Eﬁgerimental Abundance Deviation
239.1508 RV-NH; 239.14987 4.4645228 -0.00093
255.1093 b,-NH3 255.10948 10.8239079 0.00018
256.1773 RV 256.17584 7.1648555 -0.00146
263.1396 V2 263.13973 18.9752579 0.00013
263.1396 VY 263.13973 18.9752579 0.00013
272.1359 b, 272.13594 18.9385376 4E-05
343.2094 a3 343.21408 4.6760039 0.00468
354.1777 bs-NH3 354.17732 14.4782486 -0.00038
371.2043 bs 371.20566 9.6021576 0.00136
532.3247 RVYI 532.32523 11.7448101 0.00053
629.3411 bs-H,O 629.34439 12.7828007 0.00329
630.3251 bs-NH3 630.3318 14.2256422 0.00670
647.3517 bs 647.35378 80.7871628 0.00208
744.3721 Wag 744.37036 37.7502327 -0.00174
762.3827 waetH2O 762.38493 47.6691933 0.00223
? 891.469 14.2305212

908.49943 (y7+30)-71 908.50128 42.1116486 0.00185
934.4787 (y7+30)-45  934.46479 10.2045393 -0.01391
979.50016 y7+ 30 979.50466 44.3430519 0.00450
1006.49979 [MH+30]"-88  1006.51035 33.2595901 0.01056
1023.526331 [MH+30]"-71  1023.53087 39.3978958 0.004539
1049.50560 [MH+30]-45  1049.50654 116.0205917 0.00094
1076.51650 [MH+30]"-18  1076.53 30.0254688 0.01350
1094.52706 [MH+30]" 1094.53617 49.7111473 0.00911
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C.4. Detailed peak list for DRVY IH PF: 60 eV SID

Theoretical Peak Assignment Experimental Abundance Deviation
m/z m/z
255.1093 b,-NHj3 255.10843 9.3342085 -0.00087
256.1773 RV 256.17652 6.8915644 -0.00078
263.1396 V2 263.1387 9.3645544 -0.0009
263.1396 VY 263.1387 9.3645544 -0.0009
272.1359 b, 272.1352 16.3724022 -0.0007
354.1777 b3-NH;3 354.17662 8.5113182 -0.00108
371.2043 bs 371.20258 12.8399677 -0.00172
435.23562 RVY +0O 435.23596 10.9244194 0.00034
550.26252 by + O 550.25675 20.9743118 -0.00577
? 576.23599 12.4082508
647.3517 bs 647.35476 8.1913643 0.00306
663.34662 bs + O 663.349 23.1922569 0.00238
760.36702 wag + O 760.35802 14.3755445 -0.009
y7 +40 -71 924.47858 15.3116684
995.49508 y7 +40 995.48402 7.3689289 -0.01106
1021.47438  x;+40 1021.51488 7.946878 0.0405
? 1039.51321 19.5150433
1065.50052  [MH+40] - 45 1065.481 43.3208733 -0.01952
1092.51142 [MH+40] - H,O 1092.49134 7.7762146 -0.02008
1110.52198 [MH+40]" 1110.48132 12.9372873 -0.04066
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Appendix D

POSITIVE MODE ESl FT-ICR MASSSPECTRUM OF METAL SALT
SOLUTIONS

The attached spectrum is taken from a 0.3 mM solution of Cd(NOs), and glutathione
(Glu: C1oH7N306S) in a 1:1 water-methanol solution using positive mode ESI FT-
ICR mass spectrometry. The results highlight the observed complexity associated
with positive mode analysis for metal salt samples. All clusters labeled * are
unidentifiable species.

181



00L 09 009 0¢ce 0o¢ 0cy

T .__ ™ vIT : y
. I

£ 3
(Hg-n 5
L (HZ-nD) DI [(HenD) PO

(H-nD)PO]

00% 0S¢ 00t

T r :_____n_

[H+D]

00
01X0T
O1X0F
01%09
01%0'8
LOIX0']
OIXT']
OTXET

O1X9]

(syun Arenigae) Ajsuaquy [eudig

182



Appendix E

EXAMPLE MATHEMATICA OUTPUT FILESFOR SELECT METAL
SULFIDE REACTIONS

The following are example Mathematica output files for the reactions between
[Cd(CH3CO0)5] (Section D.1) and [Cd3(CH;COO0)s]” (Section D.2) with hydrogen
sulfide. Nonlinear regression is used to fit the experimental kinetic data using
appropriate integrated rate equations. A simplified sequential pseudo first-order
model was used in all cases.
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E.1. Reaction Between [Cd(CH3COO)s]” and H,S (4x10° Torr)

Clear[k!, k2, k3, k4]
Clear[k5, k6]

Needs| " Statistics NonlinearFit " |
General::obspkg :
Statistics'NonlinearFit™ is now obsolete. The legacy version being loaded
may conflict with current Mathematica functionality.
See the Compatibility Guide for updating information. >

datCdAc290 = {{0.", 1.}, {2.", 0.8835408204022254'},
(4>, 0.7437554836186391°), {6.", 0.6350539912387797"),
(8., 0.4097314510735747°}, {10.", 0.40904998365631096'},
{12, 0.3386768126693693'}, {14.", 0.2720625736522628"},
(16, 0.22324027851978942'}, {18.", 0.18810320476658338'},
(20", 0.13374017413181777°}, {24.", 0.09898212684870637"},
[28.", 0.06071725589735915'}, {32.", 0.03667985596958875'},
(36, 0.}, {40.°, 0.}, {45.°, 0.}, {50.°, 0.}, {55.", 0.}, {60.", 0.'},
(65, 0.}, {70, 0.}, {75., 0.}, {80.", 0.°}, {85.", 0.}, {90.", 0.'})
{{0., 1.}, {2., 0.883541}, {4., 0.743755}, {6., 0.635054], (8., 0.499731},
{10., 0.40905}), (12., 0.338677}, {14., 0.272063}, {16., 0.22324),
{18.,0.188103), {20., 0.13374}, {24., 0.0989821}, {28., 0.0607173},
(32.,0.0366799}, {36., 0.}, {40., 0.}, (45., 0.}, {50., 0.}, {55., 0.},
(60., 0.}, {65., 0.}, {70., 0.}, {75., 0.}, {80., 0.}, {85., 0.}, {90., 0.}}
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datCdAc290plot = ListPlot[datCdAc290, PlotRange — All,
Frame — True, FrameStyle = {Thickness[.008]},
Framelabel - {"Reaction Time (s)", "Relative Intensity"},

FrameTicks -» {Automatic, Automatic, None, None},
TextStyle » {FontFamily - "Helvetica", FontSize — 18},
PlotStyle = {PointSize[.01], Hue[0]}]

0.0k i
0 20 40 60 80
Reaction Time (s)
Al =1 EkIt
—kit

l.e

datCdAcZ90A1fit =
NonlinearFit|datCdAc290, Al, {t}, {{kl, 1}}, ShowProgress —> True]

[teration:]1 ChiSquared:1.93107 Parameters:{0.661892}
[teration:Z ChiSquared:1.337 |7 Parameters:{0.365634}
[leralion:3 ChiSquarec:0.196379 Paramelers:{0. 135921}
[teration:4 ChiSquarec:0.078662 Parameters:{0.0721229}
[teration:5 ChiSquarec:0.012985 Parameters:{0.08858738}
Tteration:6 ChiSqnared:0.01 26032 Parameters {().0902289}
[teration:7 ChiSquared:0.0126022 Parameters:{0.0901411}
[teration:8 ChiSquarec:0.0126022 Parameters {0.0901459}
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[teration:9 ChiSquared:0.0126022 Parameters:{0.0901465}
lteration:10 ChiSquared:0.0126022 Parameters:{0.0901465}

Iteration:11 ChiSquared:0.0126022 Parameters:{0.0901465}
| 00901465 t

datCdAcZ90Alfitplot = Plot[datCdAcz90A1fit, {t, 0. 90},
PlotRange — All, Frame — True, FrameStyle — {Thickness[.008]},
Framelabel - {"Reaction Time (s)", "Relative Intensity"},
FrameTicks - {Automatic, Automatic, None, None},
TextStyle - {FontFamily - "Helvetica", FontSize —» 18},
PlotStyle » {PointSize[.02], Hue[0]}]
%.1.0-
e 0.8}
EQ )
204}
% 0.2}
it 0.0k - e

1 o em 0 Gp
Reaction Time (s)

datCdAcZ290A1fit] "BestFitParameters” ]

NonlinearRegress[datCdAc290, Al, {t}, {k1}, ConfidencelLevel = 0.95]

(1. 009065 1) (R osiRi tParameters]

{BestFitParameters = {kl - 0.0901465}, ParameterCITable —

‘Estimate Asymptotic SE  CI
k1 |0.0901465 0.00186705 {0.0863013, 0.0939918}

EstimatedVariance — 0.000504087, ANOVATable —
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DF SumOfSqg MeanSq

Model 1 3.44822 3.44822
Error 25 0.0126022 (0.000504087,
Uncorrected Total 26 3.46082

Corrected Total 25 2.28746

AsymptoticCorrelationMatrix — ( 1.),

|Curvature
RitC rureTabl Max Intrinsic 0.0151842
T UIVATe 1able = 1« Parameter—Effects | 8.66073 x 10—2ﬂ}

85. % Confidence Region | 0.485546

Show[{datCdAc290plot, datCdAc290A Ifitplot}]

g‘1.0-

208!

14}

=1 5l

204

©

E, 02

0.0L . EEe . :

0 A==40 60 80

Reaction Time (s)

kl =0.09014654746046902"
0.0901465

datCdAcz64 = {{0., 0.}, {2.", 0.11645917959777462"},
{4.", 0.22529134508142987"}, {6.", 0.28806150834611005'},
{8.", 0.3402275025991049}, {10.", 0.35861011564851314°},
{12.7, 0.36984057297459877"}, {14.", 0.35989799840952486"},
{16.", 0.33420087397919457}, {18.", 0.3058530035507127"},
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(20",
(28",
(36",
(45°,

(65

{{0., 0.}
{8.,0.

0.2999974996358978'), {24.", 0.2389048794287455'},
0.17959702887040587"), {32.", 0.1375315342794992'),
0.0984492620510328'}, {40.", 0.08945514255463691"},
0.05484569115566023'}, {50.°, 0.}, {55.", 0.'}, {60.", 0.’}
2,00, {705, 00}, {75, 0.0), {80.°, 0.°), {85.°, 0.}, {90, 0.}
(2., 0.116459}, {4., 0.225201}, {6., 0.288062),

340228}, {10., 0.35861}, {12., 0.369841}, {14., 0.359898),

(16.,0.334201}, {18., 0.305853}, {20., 0.209997}, {24., 0.238905},
(28.,0.179597}, {32., 0.137532}, {36., 0.0984493},

(40., 0.0894551}, {45., 0.0548457}, {50., 0.}, {55., 0.}, {60., 0.},
(65.,0.), {70., 0.}, {75., 0.}, {80., 0.}, {85., 0.}, {90., 0.}}

datCdAczZ64plot = ListPlot[datCdAcZ264, PlotRange —» All,
Frame — True, FrameStyle — {Thickness[.008]},

Framelabel —» {"Reaction Time (s)", "Relative Intensity"},

FrameTicks - {Automatic, Automatic, None, None},
TextStyle -» {FontFamily - "Helvetica", FontSize - 18},

PlotStyle —» {PointSize[.01], Hue[0.6]}]

Relative Intensi
OO0O0000O
OO0 =2 =2PMNMN W
ohouou o

[ SasssaSuRRs R RS R R R P
0 20 40 60 80
Reaction Time (s)

AZ =

T k2—ki

kl —k1t _ p-kat
(E™ - E7)
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0.0901465 (B—D.DQDMBS t_ g7k21)
—0.0901465 + k2

datCdAc264fit =
NonlinearFit|datCdAc264, A2, {t}, {{k2, 1}}, ShowProgress —> True]

[teration:1 ChiSquared:0.640554 Parameters:{0.464209}
[teration:2 ChiSquared:0.274562 Parameters:{0.214376}
[teration:3 ChiSquared:0.0133307 Parameters:{0.0875253})
[teration:4 ChiSquared:0.00709782 Parameters:{0.0961068}
[teration:5 ChiSquared:0.00709265 Parameters:{0.0963899}
[teration:6 ChiSquared:0.00709265 Parameters:{0.0963794}
[teration:7 ChiSquared:0.00709265 Parameters:{0.0963798}
[teration:8 ChiSquared:0.00709265 Parameters:{0.0963798}

14.4627 (_ e—D.DQBSTQB t4 6—0.0901465 t)

datCdAc264fitplot = Plot[datCdAc264fit, {t, 0, 90}, PlotRange —» All,
Frame — True, FrameStyle - {Thickness[.008]},
Framel abel = {"Reaction Time (s)", "Relative Intensity"},
FrameTicks - {Automatic, Automatic, None, None},
TextStyle - {FontFamily - "Helvetica", FontSize —» 18},
PlotStyle —» {PointSize[.02], Hue[0.6]}]

2035

'w0.30¢
$0.25¢
£0.20¢
'9_30.15-
n
0. E
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0 20 40 60 80
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NonlinearRegress[datCdAc264, AZ, {t}, {kZ2}, Confidencel.evel = 0.95]

{BestFitParameters — (k2 - 0.0963798}, ParameterCITable —

‘ Estimate  Asymptotic SE CI
k2 | 0.0963798 0.00206476 {0.0921273, 0.100632}°

EstimatedVariance — 0.000283706, ANOVATable —»

DF SumOfSg MeanSq
Model 1 1.07505 1.07505
Error 25 0.00709265 0.000283706,
Uncorrected Total 26 1.08215
Corrected Total 25 0.527573

AsymptoticCorrelationMatrix — (1.),

Curvature
_ Max Intrinsic 0.0148575
FitCurvareTable > o eterEffects | 2.53000 10-19)
95. % Confidence Region | 0.485546

k2 = 0.09637980464846753
0.0963798

0.09637980464846753

datCdAc238 = {{0.", 0.}, (2., 0.},
{4, 0.03095317129993098'), {6.", 0.07688450041511014"),
(8., 0.13069761780982742'}, {10.", 0.18362136306114274'},
(12, 0.22599561139870383'}, {14.", 0.2602023134881802'},
{167, 0.3060754722965181'}, {18.", 0.31745896802682155'},
{20, 0.3360734363176365'}, {24.", 0.3607686036770351'},
{28, 0.34755102009296357"}, {32.", 0.3172656366234489'),
{36, 0.29893850529737553'}, {40.", 0.2832704317608572'),
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{45.",
{55.",

{65

0.21324634523109712}, {50.", 0.18159784046663147"},

B iaTaTals ials] Y Fralall fatr Nagy FaYalsy

0.1334533320632365 '}, {60.", 0.07570639164919249'},

, 0.07T152736164195277"}, [T"O. , 0.0492575961955451°},
{757,

0.031614468285393924 '}, {80.", 0.}, {85.7, 0.7}, {90.", 0.'})

{{0., 0}, {2., 0.}, {4., 0.0309532}, {6., 0.0768845}, {8., 0.130698},

(10.,0.183621}, |
I

18, 0.317450

O., U.dLliaJdar,

2., 0.225996}, {14., 0.260202}, {16., 0.306075),

1
20 0336073 124 036807601 128 03475511

y WU W, | L., WVLJUT D, L., VDT DL T,

L
(32.,0.317266}, {36., 0.298938}, {40., 0.28327}, [45., 0.213246},
(50., 0.181598}, {55., 0.133493}, {60., 0.0757064}, {65., 0.0715274},
(70., 0.0492576}, (75., 0.0316145}, {80., 0.}, {85., 0.}, {90., 0.})

datCcAc238plot = ListPlot[datCdAc238, PlotRange —» All,
Frame — True, FrameStyle = {Thickness|[.008]},
FramelLabel —» {"Reaction Time (s)", "Relative Intensity"},

FrameTicks —» [Automatic, Automatic, None, None},
TextStyle = {FontFamily - "Helvetica", FontSize - 18},
PlotStyle — {PointSize].01], Hue]0.3]}]

>0.35]
$0.30;
£0.25¢
£0.20}
£0.15}
£§0.10;
©0.05!

& 0.00k.

0

20 40 &0 80
Reaction Time (s)

A3 =

k1k2

[

E—k] t E—k? t E—k3 t
+ +
(k2—kl1) (k3 =kl) k1 -k2)(k3-k2) (kl-=k3) (kZ—kB)]
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e—kSt
(0.0901465 — k3) (0.0963798 — k3) -
160.43 ¢~00963798t 150 43 o—0.0901465 t]

0.00868831

+
-0.0963798 + k3 ~ —0.0901465 + k3

datCdAc238fit =
NonlinearFit[datCdAc238, A3, {t}, {{k3, 1}}, ShowProgress —> True]

Iteration:1 ChiSquared:0.334042 Parameters:{0.161676}
[teration:2 ChiSquared:0.122403 Parameters:{0.103691}
[teration:3 ChiSquared:0.111642 Parameters:{0.045452}
[teration:4 ChiSquared:0.0384483 Parameters:{0.0531749}
[teration:5 ChiSquared:0.00887778 Parameters:{0.0637357}
[teration:6 ChiSquared:0.00867066 Parameters:{0.0649011}
[teration:7 ChiSquared:0.00867029 Parameters:{0.0648504}
[teration:8 ChiSquared:0.00867029 Parameters:{0.0648533}
[teration:9 ChiSquared:0.00867029 Parameters:{0.0648532}
[teration:10 ChiSquared:0.00867029 Parameters:{0.0648532}

0.00868831 (5088.71 ¢ 009798t _ 6342 76 ¢ 0001t 4 1 254 05 ¢~ 004 Y)

datCdAc238fitplot = Plot[datCdAc238fit, {t, 0, 90}, PlotRange — All,
Frame — True, FrameStyle — {Thickness[.008]},
Framelabel — {"Reaction Time (s)", "Relative Intensity"},
FrameTicks - {Automatic, Automatic, None, None},
TextStyle —» {FontFamily — "Helvetica", FontSize —» 18},
PlotStyle - {PointSize[.02], Hue[0.3]}]

035
%’“0.30-
£0.25
£0.20}
00.15|
2
Bo
QU. 5] S
A

Reaction Time (s)
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NonlinearRegress[datCdAc238, A3, {t}, {k3}, Confidencelevel —» 0.95]
{BestF‘itParameters — [k3 = 0.0648532}, ParameterCITable —

|Est1'mate Asymptotic SE CI
k3]0.0648532 0.00150559 {0.0617524, 0.067954}’

EstimatedVariance — 0.000346812, ANOVATable —

DF SumOfSq MeanSq
Model 1 1.10694 1.10694
Error 25 0.00867029 0.000346812,
Uncorrected Total 26 1.11561
Corrected Total 25 0.426706

AsymptoticCorrelationMatrix — ( 1.),

Curvature
_ Max Intrinsic 0.0157373
FitCunvatureTable > 4 eterEffects | 10601 x 10715
95. % Confidence Region | 0.485546

k3 = 0.0648531899811508
0.0648532
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datCdAc21Z2 = {{0., 0.°}, {2., 0.7}, (4.,

{8.", 0.029343428517493088"}, {107,

(12.
(16",
(20,
{28,
{36.",
{45,
{55.",
(65",
(75",

, 0.06546700295732626'}, {14.",

0.13648337520449785°}, {18.",
0.23018888991464792°}, {24.,
0.4121346951302714}, {32.

0.}, {6.7, 0.7},
0.04871853763403332°},
0.10783711445003227"},
0.1885848236558824 "},
0.301344390045513'},

, 0.5085229731274632"},
0.6026122326515916°}, {40.",
0.7319079636132426}, {50.",
0.6665066679367635°}, {60.",
0.9284726383580472°}, {70.",
0.9683855317146061"}, {80.",

0.6272744256845059'},
0.6184021595333686"},
0.9242936083508075"},
0.9507424038044548"},
1), {857, 1.}, {90, 1.'}}

{{0., 0}, (2., 0}, {4., 0}, {6., 0.}, (8., 0.0293434),
{10., 0.0487185), {12., 0.065487}, {14., 0.107837}, {16., 0.136483},
{18., 0.188585), {20., 0.230180}, {24., 0.301344}, {28., 0.412135),
{32.,0.508523), {36., 0.602612), {40., 0.627274), {45., 0.731908),
{50., 0.818402), {55., 0.866507}, {60., 0.924294), {65., 0.928473),
{70., 0.950742}, {75., 0.968386}, {80., 1.}, {85., 1.}, {90., 1.}}
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datCdAc21Zplot = ListPlot[datCdAc212, PlotRange - All,
Frame — True, FrameStyle - {Thickness[.008]},
Framelabel - {"Reaction Time (s)", "Relative Intensity"},
FrameTicks - {Automatic, Automatic, None, None},
TextStyle —» {FontFamily - "Helvetica", FontSize — 18},
PlotStyle = {PointSize[.01], Hue[0.91}]
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E-kit EF-k2t
+ +
(k2—kl)(x3=k1)(0O—kl) (k1 -k2)(k3-k2)(0-k2)
E—kBt E-Ot
_l_
(k1-k3)(k2-k3) (0—k3) (k1 -0)(k2-0)(k3-0)
0.000563464
(1774.74 - 52798.5 709037981 1. 70 360.6 ¢~ V0146 1 |9 3368 £0. 0048532 T)
datCdAc?Z12fitplot = Plot[A4, {t, 0, 90}, PlotRange — All,

Frame — True, FremeStyle —» [Thickness|.1]),
FramelLabel = {"Reaction Time (s)", "Relative Intensity"},

Ad = klkaE[

FrameTicks =» {Automatic, Automatic, None, None},
TextStyle —» (FontFamily - "Helvetica", FontSize — 18],
PlotStyle — {PointSize] .02], Huel0.9]}]

.5’1 .0 e &
'%30.8- L
£0.6 o

i
_“EJ 0.4} //
202 /
14

0 20 40 60 80
Reaction Time (s)

2008 junel8cdacnegedl =
Show|{datCdAc290plot, datCdAc290A1fitplot, datCdAcZ64plot,
datCdAcz64fitplot, datCdAc238plot, datCdAc238fitplot,
datCdAcz12plot, datCdAc212fitplot}]
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E.2. Reaction Between [Cd3(CH3COO)s]* and H.S (4x10° Torr)

Clear[kl, k2, k3, k4]
Clear[k5, k6]
Needs[ " Statistics' NonlinearFit" "]

datCdAcSO = {{0.", 0.9147696163768304'}, {0.1°, 0.5419837643744964'},
{0.2°, 0.3160714684719638}, {0.3", 0.1797813597671195'},
{0.4",0.10188007184530377'}, {0.5", 0.0562913303815725'},

{0.6", 0.03366613865652104'}, {0.7", 0.017951227609547434'},
{0.8", 0.009834402035124807 }, {0.9°, 0.006294641203481293'},
{1, 0.0031810491743640493'}, {1.2°, 0.'}, {1.4°, 0.'}, {1.5°, 0.'},
(18,0}, {2, 0}, {2.5°. 0.}, {3.°, 0.}, {3.5, 0.}, {4.", 0.’}
(45,0}, {5, 0}, (6.5, 0.}, {7, 0.}, {8, 0.}, {9.7, 0.}, {10, 0.1}
({0., 0.91477}, {0.1, 0.541984}, {0.2, 0.316071}, {0.3, 0.179781},
{0.4, 0.10188}, {0.5, 0.0562913}, {0.6, 0.0336661}, {0.7, 0.0179512},
{0.8, 0.0098344}, {0.9, 0.00629464}, {1., 0.00318105}, {1.2, 0.},
{1.4,01, {1.6, 0., {1.8,0.},{2., 0.}, {2.5,0., {3.,0.}. {3.5, 0],
{4.,0},{45,0., {50} {6., 0}, {7., 0.}, {8., 0.}, {9., 0.}, {10., 0.}}
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datCdAcSOplot = ListPlot[datCdAcS0, PlotRange — All,
Frame - True, FrameStyle - {Thickness[.008]},
Framelabel - {"Reaction Time (s)", "Relative Intensity "},
FrameTicks = {Automatic, Automatic, None, None},
TextStyle —» {FontFamily - "Helvetica”, FontSize - 18},

PlotStyle = {PointSize[.01], Hue[0]}]

0.8}

c I

20.6f

I= .

B4

Sz

I:‘:00;'°-.......7....,.. A
0 2 4 6 8 10

Reaction Time (s)

Al = 0.9147696163768304° Ek!t
0.91477 ¢ Kt

datCdAcSOfit =
NonlinearFit[datCdAcSO, Al, {t}, {{kl, 1}}, ShowProgress —> True]

[teration:1 ChiSquared:0.497178 Parameters:{2.14362}
[teration:2 ChiSquared:0.0678177 Parameters:{3.68135}
[teration:3 ChiSquared:0.00294026 Parameters:{4.95233}
[teration:4 ChiSquared:0.000170759 Parameters:{5.35763}
[teration:5 ChiSquared:0.00016555 Parameters:{5.37742}
[teration:6 ChiSquared:0.000165549 Parameters:{5.37714}
[teration:7 ChiSquared:0.000165549 Parameters:{5.37715}
[teration:8 ChiSquared:0.000165549 Parameters:{5.37715}
0.01477 ¢-5377151
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datCdAcSOfitplot = Plot[datCdAcS0fit, {t, 0, 10}, PlotRange = All,
Frame — True, FrameStyle - {Thickness[.008]},
Framel abel - {"Reaction Time (s)", "Relative Intensity "},
FrameTicks =» {Automatic, Automatic, None, None},
TextStyle » {FontFamily - "Helvetica", FontSize - 18},
PlotStyle = {PointSize[.02], Hue[0]}]

S =
o 0o

Relative Intensity

S oo
() [ do

0" 2 d e e
Reaction Time (s)

datCdAcSOfit[ " BestFitParameters "]
NonlirearRegress[datCdAcS0, Al, {t}, {k1}, Confidencel.evel - 0.95]
(0.91477 g 537715 ")[BestFitParameters]

{BestFitPaIameters - {k1 = 5.37715},

| Estimate  Asymptotic SE CI
k1l ‘5.37715 0.021816 {5.33231, 5.42199}’
EstimatedVariance — 6.36728 x 107°, ANOVATable -

ParameterClTable —

DF SumOfSq MeanSg
Model 1 1.27776 1.27776
Error 26 0.000165549 6.36728x 107°,
Uncorrected Total 27 1.27792
Corrected Total 26 1.10163
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AsymptoticCorrelationMatrix - ( 1.),

Curvature
. Max Intrinsic 0.00344951
FitCurvatureTable - Max Parameter—Effects | 7.54769 x 10‘21}
95. % Confidence Region | 0.486493

Show[{datCdAcSOplot, datCdAcSOfitplot}]

£0.8}

5 [

20.6:—

204

T2t

éoo:\\_ﬂ........ S . . .
0 g 4 6 8 10

Reaction Time (s)

k1l =5.3771490284840375
5.37715

datCdAcS1 = {{0.", 0.08523038362316948"},

{0.1°, 0.4406727830056816"}, {0.2°, 0.6327573085201217"},
{0.3", 0.7326877783905352"}, {0.4°, 0.768658164239398'},
{0.5°, 0.7747643635752016"}, {0.6°, 0.7646925984554395'},
{0.7°,0.7481923712461948"}, {0.8", 0.7230334503780019'},
{0.9°, 0.6989322944505175°}, {1.", 0.6746645978132538'},
{1.2°, 0.6223529518579245%}, {1.4°, 0.579510425D868189'},
{1.6°, 0.5316462229697912"}, {1.8", 0.4925896052863775'},
{2.7, 0.4524315659060742'}, {2.5°, 0.36689847373346285'},
{3.7, 0.29975588902103933°}, {3.5", 0.24114393354828176'},
{4.", 0.1938145061910302'}, {4.5°, 0.1576741070970518'},

200



{5.", 0.12717486305327869'}, {6.", 0.08236115583741856'},

{7.", 0.05239495351696977"}, {8.", 0.03339169556493384"},

{9.", 0.021753851397627384}, {10.", 0.01556801290768075"}}

{{0., 0.0852304}, {0.1, 0.440673}, {0.2, 0.632757),

{0.3, 0.732688}, {0.4, 0.768658}, {0.5, 0.774764}, {0.6, 0.764693},
{0.7, 0748192}, {0.8, 0.723033}, {0.9, 0.698932}, {1., 0.674665},
{1.2,0.622353}, {1.4, 0.57951}, {1.6, 0.531646}, {1.8, 0.49259},
(2., 0.452432}, {2.5, 0.366898}, (3., 0.209756}, {3.5, 0.241144},
{4.,0.193815}, {4.5, 0.157674}, {5., 0.127175}, {6., 0.0823612},
{7.,0.052395}, {8., 0.0333917}, {9., 0.0217539}, {10., 0.015568}}

datCdAcSl1plot = ListPlot[datCdAcS1, PlotRange = All,
Frame — True, FrameStyle — {Thickness[.008]},
Framel.abel - {"Reaction Time (s)", "Relative Intensity"},
FrameTicks = {Automatic, Automatic, None, None},
TextStyle - {FontFamily - "Helvetica", FontSize - 18},
PlotStyle —» {PointSize[.01], Hue[0.6]}]

08 <
:\Eu. [ ‘...
206
Qo [
[= Ee
E 04-
= i
©0.2
[0} [
m .
0.0% : ' ‘ o
0 g 4 6 8 10
Reaction Time (s)

A9 = k1 (E‘R“— E—RZt)
k2 -kl

537715 (8—5.37715t _ e—th)
-5.37715+ k2
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datCdAcS1fit =
NonlinearFit[datCdAcS1, A2, {t}, {{k2, 1}}, ShowProgress —> True]

[teration:1 ChiSquared:0.643912 Parameters:{0.232531}
[teration:2 ChiSquared:0.0563312 Parameters:{0.376937}
[teration:3 ChiSquared:0.0137312 Parameters:{0.439854}
[teration:4 ChiSquared:0.0132614 Parameters:{0.447611}
[teration:5 ChiSquared:0.0132608 Parameters:{0.447892}
[teration:6 ChiSquared:0.0132608 Parameters:{0.447899}
[teration:7 ChiSquared:0.0132608 Parameters:{0.4479}
[teration:8 ChiSquared:0.0132608 Parameters:{0.4479}
—1.09087 ( £~ 5377151 _ ,—0.4479 t)

datCdAcSlfitplot = Plot[datCdAcS1fit, {t, 0, 10}, PlotRange —» All,
Frame - True, FrameStyle - {Thickness[.008]},
FramelLabel —» {"Reaction Time (s)", "Relative Intensity"},
FrameTicks -» {Automatic, Automatic, None, None},
TextStyle » {FontFamily - "Helvetica", FontSize —» 18},
PlotStyle - {PointSize[.02], Hue[0.6]1}]

QO.B E
%0.6

=

o 04

= I

©0.2

e

0 2 4 6 8 10
Reaction Time (s)

NonlinearRegress[datCdAcS1, A2, {t}, {k2}, ConfidencelLevel - 0.95]
{BestFitParameters - {k2 - 0.4479},

202



| Estimate  Asymptotic SE CI
k2 ‘ 0.4479  0.00834672 {0.430743, 0.465057}"

EstimatedVariance — 0.000510031, ANOVATable —»

ParameterClTable —

DF SumOfSq MeanSq

Model 1 6.75323 6.75323
Error 26 0.0132608 0.000510031,
Uncorrected Total 27 6.76649

Corrected Total 26 2.02487

AsymptoticCorrelationMatrix — ( 1.),

‘ Curvature
RiC tureTabl Max Intrinsic 0.0133452 }
itCurvatureTable —
Max Parameter—Effects | 6.26946 x 10~12

95. % Confidence Region | 0.486493
k2 = 0.4478996768012266

0.4479
datCdAcS2 =
{{0.7, 0.°}, {0.1°, 0.0173434526198221'}, {0.2°, 0.05117122290791438'},
{0.3°, 0.08753086184234529'}, {0.47, 0.12946176391529818"},
{0.57, 0.16894430604322588'}, {0.6", 0.20164126288803946"},
{0.7°, 0.23385640114425768'}, {0.8", 0.2671321475868734'},

{0.9°, 0.2922144721753611°}, {1.", 0.319280243567676"}.
{1.2°, 0.36920680781572973}, {1.4°, 0.4116285812490135},
{1.67, 0.45606068311754766}, {1.8", 0.49243983030124136'},
{27, 0.5282148595559073'}, {2.5°, 0.6059247311325666'},
{3.7, 0.6620674096257972"}, {3.5", 0.7060773275800308'},
{4.", 0.7394024559324748'}, {4.5", 0.763389339481055'},
{6.7, 0.7770504953937°}, {6.", 0.7951893524633459'},

{7., 0.7923044088941824°}, {8.", 0.7822681560274815},
{9.", 0.7652731490244898'}, {10.", 0.747918103655697 }}
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(0., 0.}, {0.1, 0.0173435}, {0.2, 0.0511712}, {0.3, 0.0875309}, {0.4, 0.129462},
{05, 0.168944}, {0.6, 0.201641}, {0.7, 0.233856}, {0.8, 0.267132},
{0.9, 0.292214}, {1., 0.31929)}, {1.2, 0.369207}, {1.4, 0.411629)},
{1.6, 0.456061}, {1.8, 0.49244}, {2., 0.528215}, {2.5, 0.505925},
{3. 0.662067}, (3.5, 0.706077}, {4, 0.739402}, {45, 0.763389}, {5., 0.77705},
{6.,0.795189), (7., 0.792304}, {8., 0.782268}, {9., 0.765273}, {10., 0.747918})

datCdAcS2plot = ListPlot[datCdAcS2, PlotRange — All,
Frame - True, FrameStyle - {Thickness[.008]},
Framelabel - {"Reaction Time (s)", "Relative Intensity"},
FrameTicks —» {Automatic, Automatic, None, None},
TextStyle » {FontFamily -» "Helvetica", FontSize - 18},
PlotStyle — {PointSizc[.01], Huc[0.3]}]

;20.8 E
%o.s
=
cIJ0.4 |
=
©02} -
E ol

0 2 4 6 8 i

Reaction Time (s)

A3 =
E—kl t E—RZ t E—kSt
kl k2 + +

(k2 - k1) (k3 -=kl) (k1 —=k2)(k3-k2) (k1 -%k3)(kk2-k3)

2.40842
e—kSt 0202871 8—5.3?7'_5t . 0.202871 8—0.447Qt
(0.4479 — k3)(5.37715 — k3) —5.37715 + k3 —0.4479 + k3

dalCdAcS2(iL =

NonlinearFit|datCdAcS2, A3, {t}, {{k3, 1}}, ShowProgress —> True]

204



[teration:1 ChiSquared:4.34217 Parameters:{0.693793}
[teration:2 ChiSquared:2.76251 Parameters:{0.365685}
[teration:3 ChiSquared:0.279054 Parameters:{0.0938453}
[teration:4 ChiSquared:0.0209304 Parameters:{0.027589}
[teration:5 ChiSquared:0.00799117 Parameters:{0.0373423}
[teration:6 ChiSquared:0.00797798 Parameters:{0.037673}
[teration:7 ChiSquared:0.00797798 Parameters:{0.0376741}
2.40842 (0.0379945 7537715t _ 0.494534 ¢ 0479 4 0,45654 00376741 )

A /!

datCdAcSzfitplot = Plot[datCdAcS2fit, {t, 0, 10}, PlotRange — All,
Frame — True, FrameStyle —» {Thickness[.008]},
Framel.abel - {"Reaction Time (s)", "Relative Intensity"},
FrameTicks » {Automatic, Automatic, None, None},
TextStyle -» {FontFamily - "Helvetica”, FontSize —» 18},
PlotStyle —» {PointSize[.02], Hue[0.3]}]

QO.B

£0.6

=

5 04

=

® 0.2}

g _

0.0t . . . ‘ ‘
0 2 4 6 8 i
Reaction Time (s)

NonlinearRegress[datCdAcS2, A3, {t}, {k3}, ConfidenceLevel - 0.95]
{BestFitParameters — {k3 - 0.0376741}, ParameterCITable —»

| Estimate  Asymptotic SE CI
k3 ‘ 0.0376741 0.0016002 (0.0343848, 0.0409633}’

EstimatedVariance — 0.000306845, ANOVATable —»
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DF SumOfSq MeanSq

Model 1 7.49155 7.49155
Error 26 0.00797798 0.000306845,
Uncorrected Total 27 7.49953

Corrected Total 26 2.02032

AsymptoticCorrelationMatrix — ( 1.),

Curvature
. Max Intrinsic 0.00283646
FitCurvaturetable Max Parameter—Effects | 5.90456 x 10‘19}
95. % Confidence Region | 0.486493

k3 = 0.037674082758015856"
0.0376741

datCdAcS3 = {{0., 0.}, {0.1°, 0.}, {0.2°, 0.}, {0.3°, 0.},
{(0.47,0.), {05, 0.), {067, 0.}, {0.7°, 0.}, {0.8°, 0.},
{0.9°, 0.0025585921706400535'}, {1.", 0.002864109444705958'},
{1.2°, 0.008440240326345652'}, {1.4°, 0.008860993664167587'},
{1.6", 0.012293093912661097'}, {1.8", 0.014970555412381155'},
{2, 0.019353574538018413'}, {2.5°, 0.027176795133970307°},
(3., 0.038176701353163464'}, {3.5°, 0.05277873887168762'},
{4, 0.066783037876495'}, {4.5', 0.07893655342189303'},
(5., 0.00577464155302137°}, {6.", 0.12244949169923572'},
{7, 0.15530063758884785'}, {8.", 0.17814168334257163'},
(9., 0.20606387240340926'}, {10.", 0.22835046034992292'}}
{{0.,0.),{0.1,0.}, {0.2, 0, {0.3,0.1}, {0.4, 0}, {0.5, 0.},
{06, 0.}, {0.7, 0.}, {0.8, 0.}, {0.9, 0.00255859}, {1., 0.00286411},
{1.2,0.00844024}, {1.4, 0.00886099}, {1.6, 0.0122931}, {1.8, 0.0149706},
{2..0.0193536}, {2.5, 0.0271768}, {3., 0.0381767}, {3.5, 0.0527787},
{4.,0.066783}, {4.5, 0.0789366}, (5., 0.0957746}, {6., 0.122449},
{7..0.155301}, {8., 0.178142}, {9., 0.206064}, {10., 0.22835}}
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datCdAcS3plot = ListPlot[datCdAcS3, PlotRange —» All,
Frame — True, FrameStyle — {Thickness[.008]},
FramelL.abel — {"Reaction Time (s)", "Relative Intensity"},
FrameTicks - {Automatic, Automatic, None, None},
TextStyle —» {FontFamily - "Helvetica", FontSize - 18},
PlotStyle - {PointSize[.01], Hue[0.9]}]

0.20}
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Ad =

F-klt E-kat
k1k2k3 + +
k2 =k1)(k3=kl) (k4 =k1) (k1 = k2) (k3 —-k2) (k4 =-k2)
E-k3t F-két
+
(k1 =k3)(k2=k3)(kd =k3) (kl =k4) (k2 -=k4) (k3 - k4)]

e kit
(0.0376741 — k4)(0.4479 — k4) (5.37715 — k4) i

0.0379945 8_5'37715 t 0.494534 8_0'4479 t 0.45654 8_0'0376741 t
- +
—5.37715 + k4 —0.4479 + k4 —0.0376741 + k4

0.0907351 [

datCdAcS3fit =
NonlinearFit[datCdAcS3, A4, {t}, {{k4, 1}}, ShowProgress —> True]

[teration:1 ChiSquared:0.095142 Parameters:{0.567692}
[teration:2 ChiSquared:0.0369066 Parameters:{0.221364}
[teration:3 ChiSquared:0.00137344 Parameters:{—0.00484674}
[teration:4 ChiSquared:0.000135903 Parameters:{0.0166075}
[teration:5 ChiSquared:0.000132269 Parameters:{0.0179011}
[teration:6 ChiSquared:0.000132269 Parameters:{0.0179077}
[teration:7 ChiSquared:0.000132269 Parameters:{0.0179077}

0.0907351 (—0.00708953 ~237712 ¢ 4

11501 ¢-04479t _ 23 0968 £~ 00376741 t | o1 g53g p~0-0179077 t)

datCdAcS3fitplot = Plot[datCdAcS3fit, {t. 0, 10}, PlotRange —» All,
IF'rame = True, I'rameStyle = {Thickness[.008]},
FramelLabel - {"Reaction Time (s)", "Relative Intensity"},
FrameTicks = {Automatic, Automatic, None, None},
TextStyle = {FonlFamily - "Helvelica", FonlSize = 18},
PlotStyle - {PointSize[.02], Hue[0.91}]

208



£0.20} -
@ |

()] -
2o.15) -
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Reaction Time (s)

NonlinearRegress[datCdAcS3, A4, {t}, {k4}, Confidencel.evel - 0.95]
{BestFitParameters — {k4 - 0.0179077}, ParameterCITable —»

‘Estimate Asymptotic SE  CI
k4 ‘0.0179077 0.00154192 {0.0147383, 0.0210772}

EstimatedVariance — 5.08728 x 1076, ANOVATable —

DF SumOfSq MeanSq

Model | 0.19108 0.19108

Error 26 0.000132269 5.08728 % 1078,

Uncorrected Total 27 0.191213

Corrected Total 26 0.12675
AsymptoticCorrelationMatrix - (1.)

‘ Curvature

FitCurvatureTabl Max Intrinsic 0.00130645 }

itCurvatureTable =

Max Parameter—Effects | 1.39201 x 10715

95. % Confidence Region | 0.486493

k4 = 0.017907715034809788
0.0179077
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datCdAcS4 = {{0.", 0.'}, {0.1°, 0.'}, {0.2°, 0.}, {0.3°, 0.’}
(04,0}, {05,0}, {06,0.}, {0.7, 0.}, {0.8°, 0.},
09,0} {1, 0}, {1.2°, 0.}, {1.47, 0.}, {167, 0.}, {1.8°, 0.},
(2,071, (25,0}, {35, 001, {35, 00}, {47, 0°), {457, 0.,
(5,0}, (6., 0.}, {7., 0}, {8, 0.006198465065012954'},
{9.", 0.006909127174473598'}, {10.", 0.008163414086699412'}}

{{0., 0.}, {0.1, 0.}, {0.2, 0.}, {0.3, 0.}, {0.4, 0.}, {0.5, 0.}, {0.6, 0.}, {0.7, 0.},

{0.8,0.}, {0.9, 0.}, {1., 0.}, {1.2, 0.}, {1.4, 0.}, {1.6, 0.}, {1.8, 0.},

{
125 0303, 03 (3500 104..0)0 145 0). (5.0 (6.0
Jr 1= P Jy UM Wy e ey Eey Wy | ' ' ~ g
|

o Tewsy Wafy [Wes wa sy

0. {
7.,0.}, {8.,0.00619847}, {9., 0.00690913}, {10., 0.00816341

}

———

datCdAcS4plot = ListPlot[datCdAcS4, PlotRange — All,
Frame — True, FrameStyle = {Thickness[.008]},
Framel.abel = {"Reaction Time (s)", "Relative Intensity"},
FrameTicks -» {Automatic, Automatic, None, None},
TextStyle -» {FontFamily - "Helvetica”, FontSize —» 18},
PlotStyle = {PointSize[.01], Hue[0.11}]

=0.008}

5 [

§0.006}

= [

00.0041

== [

©0.002;

) i

0.000% . . . . .
0 - 4 6 8 10

Reaction Time (s)
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E—kl t
+
(k2 — k1) (k3 =kl) (k4 - k1) (0-k1)
E—kz L
+
(k1 —=k2) (k3 =k2) (k4 —k2) (0-k2)
E—RS t
+
(k1 —k3) (k2 — k3) (k4 — k3) (0 - k3)
E—L{ilt
+
(k1 —k4) (k2 = k4) (k3 =k4) (0 =k4)

A5=k1k2k3k4[

E—Ot
(k1 =0) (k2= 0) (k3= 0) (k4 - 0)]
0.00162486 (615.438 + 0.00131845 ¢~*¥7121 —
2.56777 € 7' 1 613.069 e 0077074 £ — 1225.94 70017077 )

datCdAcS4fitplot = Plot[A3, {t, 0, 10}, PlotRange - All,
Frame — True, FrameStyle - {Thickness[.11},
FramelLabel » {"Reaction Time (s)", "Relative Intensity"},
FrameTicks —» {Automatic, Automatic, None, None},
TextStyle = {FontFamily - "Helvetica", FontSize —» 18},
PlotStyle = {PointSize[.02], Hue[0.1]}]
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