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Abstract

ESI-MS spectra of Ni", Co'"', Mg"!, and Fe'" porphyrin solutions in methanol show
porphyrin monomer species with different charge states, such as [Ni'"TPPS+H]*,
[CO"TPPS]?, [MN'"TPPS]?, [Mn!"TPPS+H]?, [Fe'TPPS+H]?, and [Fe'"TPPS+2H]? ions.
Collision-induced dissociation (CID) of these monomer species produced primarily
losses of neutral SO3 and SO2. The mechanisms, in which these dissociation pathways
took place, were investigated by the means of DFT calculations of the corresponding
dissociation of neutral and ionized benzenesulfonate (B3-LYP/6-31+G(2d, p) level) and
porphyrin monomer (B3-LYP/6-31+G(2d, p)+LANL2DZ//PM7 level). RRKM fitting of the
CID breakdown curves showed that the activation energies of the reactions that
experience a loss of SOz from [Co""TPPS]* and [Mn""TPPS]* were similar, but of a
lower magnitude than those for a loss of SOs. On the other hand, for [Ni"TPPS+H]*- and
[Fe'"TPPS+2H]?, the activation energies of the reaction leading to a loss of SO2 were
also similar, but this time were larger than those leading to SOs loss. These results are
consistent with a mechanism by which the SO2 loss starts with -CsH4SO3", while the SOs
loss has to begin with -CsH4SO3H. To lose this SOs, extra energy is required for
[CO"TPPS]? and [Mn""TPPS]* in order for them to overcome the barrier of H transfer
from the porphyrin ring to -SOs", but this is irrelevant when it comes to [Ni'"TPPS+H]*
and [Fe'"TPPS+2H]? since the CsH4SO3H moiety already exists. In addition, the reaction

of [Fe'"TPPS+H]? losing H leads to a unique dissociation mechanism.
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Chapter 1. Introduction

1.1 Objective

The primary focus of this research is to investigate the mechanism by which the
gas-phase ionized metalloporphyrins dissociate into fragment ions. In previous studies
[1-5], mass spectrometry (MS) was proven to be efficient at structural analysis of
porphyrins. Here, the properties of meso-tetra(4-sulfonatophenyl) porphine (acid form)
(TPPS) solubilized in methanol were investigated when bound to various metals using
several methods: namely, electrospray ionization mass spectrometry (ESI-MS),
electrospray ionization tandem mass spectrometry (ESI-MS/MS), and the in-source-
collision-induced-dissociation-MS/MS on a Waters Synapt G1 ion mobility/tandem mass
spectrometer.

The dissociation of monomer MTPPS (M = Ni", Co"', Mn""', and Fe') ions were
studied in detail in this research. The common charge states of these monomers are -2
and -3. However, only [Ni"TPPS+H]*, [Co""TPPS]*, [Mn""TPPS]*, [Mn""TPPS+H]?,
[Fe'"TPPS+H]*, and [Fe''TPPS+2H]* were studied because there was insufficient signal
for [NI"TPPS+2H]? and [Co"'TPPS+H]% (See Figure 1.1 for structures, and see Figure
4.1, Al1.1, A2.1 and A4.1 for abundances). Those six ions are similar in structure, but
are different in charge states (which influences the number of hydrogen atoms) and
metal centers:

e Charge states: The charge state of metalloporphyin ions and the oxidation state
of their metal centers can influence the number of H atoms. [Co""TPPS]* and

[Mn""TPPS]? have no H* binding to -SOs ; [Ni"TPPS+H]?, [Mn""TPPS+H]?, and



[Fe'"TPPS+H]* have one H* binding to -SO3z , while [Fe'"TPPS+2H]? has two H*
binding to two -SO3z groups.
¢ Metal centers: manganese (Mn), iron (Fe), cobalt (Co), and nickel (Ni) (Table
1.1), all transition elements of the forth row, have atomic numbers of 25, 26, 27,
and 28, respectively. Electron affinities and main oxidation states of these metals
are different [6].
The dissociation process of these six ions were studied to explore the influence of H
atoms and metal centers on dissociation pathways and activation energies of gas-phase
metalloporphyrin ions.

Table 1.1 Property of Mn, Fe, Co and Ni

Atomic Number Electron Affinity Main Oxidation
States
Mn 25 <0eV 7,4,2
Fe 26 0.151 + 0.003 eV 3,2
Co 27 0.6633 £ 0.0006 eV 3,2
Ni 28 1.15716 + 0.00012 eV 2

For the analysis of [Fe'"TPPS+2H]?> and [Mn""TPPS+H]?%, the use of ion mobility
separation (IMS) was required because there could be different species present, such
as monomers, dimers and trimers. These different species could have the same mass
to charge ratio which would make it challenging to distinguish one from another without
IMS. [Fe'"TPPS+H]*, [Mn""TPPS]?, [Co"TPPS]?*, and [Ni"TPPS+H]* only contain
monomers in solution, thus the use of IMS was optional.

The main mathematical model in this study is RRKM theory. RRKM theory was

used to model the MS/MS breakdown diagrams to obtain meaningful relative energies



for the dissociation of these ions. Molecular simulations were used to help interpret the

RRKM results.

1.2 Metalloporphyrins

Porphyrins, especially iron derivatives of porphyrins, play a very important role
in all living systems. The nucleus of a porphyrin molecule, which consists of a
macrocyclic ring with two removable hydrogens (Figure 1.1), is able to coordinate with a
metal that has a maximum diameter of approximately 3.7 A [7]. Metals suitable for
coordination include Fe, Mn, Co, Ni and Sn. There is an abundance of different kinds of
porphyrin compounds, such as iron(lll) tetraphenyl porphyrin chloride (Fe'"TPPCI),
iron(Il) meso-tetra(4-sulfonatophenyl) porphyrin (Fe''TPPS), iron(lll) meso-
tetra(methylpyridinium-4-yl) porphyrin (Fe'"TMPyP) etc.

TPPS (Meso-tetra(4-sulfonatophenyl) porphine) with different metal centers are
of special interest in this study. The TPPS with an iron (Il) center, [Fe'"TPPS] (Figure
1.1), is well-known as a catalyst for the transport and storage of oxygen in hemoglobin,
cytochromes and myoglobin [8]. On the other hand, iron porphyrin has a stronger affinity
for CO, NO, and NO2 compared to Oz [5]. As such, the binding of iron to gases other
than oxygen is known to cause Oz deprivation in animals, which can be fatal. Then
there is also manganese(lll) porphyrin, [Mn""TPPS], which plays an essential role in the
photosynthesis processes in chlorophyll [8], and cobalt(lll) porphyrin, [Co""TPPS], which
acts as a catalyst for the oxidation of water in terrestrial life [9]. Finally, nickel(Il)
porphyrin, [Ni"TPPS], is a highly sensitive probe for applications in bio-sensing via

circular dichroism signal amplification [10].
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The chemical properties and reactions of metalloporphyrins have been
extensively studied. Thousands of studies about TPPS were found by a quick look at
SciFinder. A few examples to highlight the range of interest are: Gsponer et al. used
[TPPS]* to mediate Escherichia coli [11]. Fernandez et al. quantitatively investigated
the reduction process of (Fe'"TPPS)(H20)2 to (Fe'"TPPS)(NO) in buffer solution [12].
Kadish et al. studied the effects of micelles on the aggregation of [TPPS]* and
[MTPPS]* (M = zn", Cu", VO?*) [13]. Rahman et al. investigated the interaction of TPPS
with trinitrotoluene (TNT) [14]. Zhang et al. conducted an electrochemical investigation
of the interaction of TPPS with bovine serum albumin [15]. Aggarwal et al. studied the
dynamics of the TPPS aggregation in aqueous solutions [16]. Karpuschkin et al.

reported the binding of O2 and CO to Fe''"TPPS and Mn'"TPPS [5].

There has also been research performed about the dissociation of gas-phase
metalloporphyrins. The gas-phase was chosen because it allows the system to be
studied in the absence of solvent effects to highlight the intrinsic properties of the
metalloporphyrins. In order to learn about the binding of TPPS multimers in aggregates
in the gas-phase, Schwarz et al. probed the dissociation of the metastable dimer
species (Mn'""TPPS)2 and (Fe'""TPPS)2 with different charges by electrospray ionization
tandem mass spectrometry in combination with ion mobility (ESI-MS/MS) (Figure 1.2)
[1]. They found that the main dissociation channels for high charge state (Fe""TPPS)2
dimers (z = 5, 6) are: a) dimer to monomer, b) loss of SOz from the monomer, c¢) loss of
SOs from the monomer. However, the dissociation of SO2 and SOs were not studied in

detail, and the dissociation energies were not determined.
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Figure 1.2 Collision-induced dissociation of [(Mn""TPPS)2+H]>- and [(Fe""TPPS)2+H]>
Schwarz et al. found that the main dissociation channels for both of these dimers are

dimer to monomer; however, monomer fragment ions, [Fe""TPPS+H]?> and [Fe'"TPPS]*,

fragment further via SOz and SOs loss. (Reprinted from Schwarz et al., 2013 with

permission) [1].

Secondly, Gozet et al. studied the dissociation of the related Fe(lll) and Mn(llIl)

tetraphenyl porphyrin chloride species (Fe'"TPPCI and Fe!"TPPCI) by ESI-MS/MS. With

enough collision energy applied in the collision cell of the triple quadrupole mass

spectrometer, they found the loss of H2 and CeHs (Figure 1.3 and 1.4).
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Figure 1.3 The proposed dissociation channels of [Fe""TPP]*. T. Gozet et al. determined

the dissociation channels by the ESI-MS/MS [17].
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The dissociation of monomers MTPPS (where M = Ni', Co"', Mn'!, Fe', etc) has
not yet been studied in detail. As mentioned above, metalloporphyrins perform
important roles in all living systems. Thus, a thorough understanding of their
dissociation properties can offer some useful information, especially as they are present
in biological systems as charged species. In this research, the primary focus is to
systematically study the dissociation processes of gas-phase [Ni'"TPPS+H]*,
[CO"TPPS]?, [MN"TPPSJ?, [Mn""TPPS+H]%, [Fe'"TPPS+H]*, and [Fe'"TPPS+2H]% ions.
Detailed dissociation pathways for each metalloporphyrin were estimated, and the
activation energies for the main pathways were modeled by RRKM theory and

molecular simulations.
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Chapter 2. Methods of Study

2.1 Theory of MS and MS/MS

Mass spectrometry (MS) is an analytical tool that can analyze qualitatively and
guantitatively chemicals present in a sample by measuring the mass-to-charge ratio
(m/z) and abundance of gas-phase ions. MS differs from other common organic spectral
analysis techniques, such as infrared (IR), or nuclear magnetic resonance (NMR)
spectroscopy. While the sample used for IR and NMR can be reused, the sample for
MS is depleted in the process of mass spectral analysis. However, MS is more sensitive
than IR or NMR and thus it requires less sample [1].

Tandem mass spectrometry (MS/MS) is a technique that involves two stages of
mass analysis: the first mass analysis selects the ion of interest with specific m/z, the
second stage is to analyze all the fragment ions from the dissociation of the pre-
selected ions. There are four steps in an MS/MS experiment: a) ion generation, b) ion
selection, c) pre-selected ion dissociation, and d) fragment analysis [2, 3]. These four
steps can be separated “in time”, such as using ion traps; or they can also be separated
“in space”, such as using double focusing instruments, triple quadrupoles and ion
mobility-tandem mass spectrometers.

The essential part of MS/MS is the fragmentation of gas-phase ions. There are
many techniques which can be used to dissociate gas-phase ions, such as collision-
induced dissociation (CID) [4], electron-transfer dissociation (ETD) [5], electron-capture
dissociation (ECD) [6], infrared multiphoton dissociation (IRMPD) [7], and blackbody

infrared radiative dissociation (BIRD) [8]. These methods use different types of
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fragmentation which provide different information about the composition of parent ions
and their fragment ions.

In this study, all the MS/MS experiments were run in a Waters Synapt G1 ion
mobility/tandem mass spectrometer (Waters Corporation, USA). It is an updated version
of a quadrupole-time-of-flight (Q-TOF) [9]. It is able to produce high resolution mass
spectrometry and is able to separate different ions with the same m/z by their collision
cross-section in the ion mobility spectrometer (IMS). Collision of the selected ions can
be performed in the trap cell or transfer cell. Product ions are then analyzed in the time-

of-flight mass spectrometer in either “W” or “V” mode.

2.2 Experiment techniques

The instrument used in this study is a Waters Synapt G1 ion mobility/tandem
mass spectrometer (Waters Corporation, USA) (Figure 2.1). lons travel through the
Synapt in sequence through several main parts, namely electrospray ionization source,

guadrupole, trap cell, ion mobility cell, transfer cell, and time of flight.
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lonization Time-of-flight
source mass analyzer

High-field lon detection
pusher system

Figure 2.1 Schematic diagram of Waters Synapt G1 [9]

2.2.1 Electrospray ionization

In 2002, John B. Fenn was awarded a share of the Nobel Prize in Chemistry for
his contribution in electrospray ionization (ESI) [10]. ESI is a technique for introducing
an analyte in solution into the gas phase through a highly charged capillary (Figure 2.2).
The ions are directed to a sampling cone where they are held at much lower voltages
compared with the capillary voltage, and then directed into the vacuum system of the

mass spectrometer.
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Figure 2.2 Diagram of positive mode ESI process [11]

The formation of gas-phase anions in a Taylor Cone is the beginning of the
electrospraying process. The analyte and solvent droplets go through the loop of
evaporation and subdivision in the ESI process undergoing uneven Rayleigh fission.
This step is followed by the desolvation of the shrunken analyte and solvent droplets.
However, there are two different ion desolvation theories: the lon Evaporation Model
(IEM) and the Charge Residue Model (CRM) (Figure 2.3). The IEM suggests that with
the decreasing size of the highly charged droplet, the field strength at the surface of the
droplet increases, and eventually results in the field desorption of solvated clusters [12,
13]. The CRM suggests that evaporation of solvent from the charged droplets increases
surface charge density, resulting in subdivision into smaller charged droplets. The
charged analyte and solvent droplets are in the loop of evaporation and fission, and
eventually when all of the solvent is evaporated and the charged analyte becomes a

gas-phase ion [14, 15].
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During the ESI process, high energy ions collide with gas molecules at
atmospheric pressure, which slows down the ions, so ESI can be coupled to other lower

energy instruments, such as quadrupole mass spectrometers [16].

—— Evaporation
------- > Desorption
—— Evaporation and Subdivision

ﬂ'ﬁ@ﬁﬁ“"“u
. O —gg—
IEM

Figure 2.3 Schematic of the possible pathways for ion formation in a Taylor Cone.
“+" represents a desolvated solution ion. The maijor difference between CRM and IEM:
The final ion in CRM is produced by desorption, whereas the one for IEM is produced

by evaporation of solvent [13].

2.2.2 Quadrupole mass spectrometer

Quadrupole mass spectrometry (Figure 2.4) can be used for scanning all the ions
in the gas phase, and can also be used for selecting specific ions for MS/MS. Detailed
theories and applications of quadrupoles are found in Raymond E. March’s review
about quadrupole ion trap mass spectrometry published in the Journal of Mass
Spectrometry [17]. The quadrupole consists of four cylindrical parallel metal rods with a
90° angle to each other. The two rods that are orthogonal to each other are paired with
the same experiment conditions. A radio frequency (RF) voltage is applied on one pair
of rods and 180° out of phase on the other pair. A direct current (DC) voltage is then

superimposed on the RF voltage. DC is positive on the x pair and negative on the y pair.
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Rods opposite to each other have identical voltage, so a net zero potential is formed in
x and y directions. In the process of filtering ions, ions are guided by altering radio

frequencies (RF) and direct current (DC) voltages.

Detector

resonant ion

Source

| | dc and rf voltages

Figure 2.4 Schematic diagram of quadrupole [18]

The applied electric potential ($) of X and Y can be characterized by the
following equitions:
Xaxis: @y = U+ VcosQt (Equation 2.1)
Y axis: &, = —(U + VcosQt) (Equation 2.2)
where Q is the angular frequency in rad/s of RF field; and V is the initial RF potential.
The radio frequency allows a wide range of mass to go through the quadrupole, while a

DC voltage allows none by discharging ions on the rods with opposite polarity.
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Therefore, by altering the ratio of the DC/RF, one can selectively control a specific ion

m/z to transmit through the quadrupole, and discharge all of the other ions.

2.2.3 Travelling-wave ion mobility spectrometry

lon mobility spectrometry (IMS) is a method for separating and identifying ionized
molecules in the gas phase based on their mobility in a carrier buffer gas (Figure 2.5). It
was introduced in 1960s and was original known as Plasma Chromatography [19].
Recently, the travelling-wave IMS (TW-IMS) became available in a commercial
instrument. In this TW-IMS, ions are injected in a radio-frequency (RF)-only stacked ring
ion guide filled with a neutral buffer gas, and are separated by their ability to keep up
with a traveling wave pulse through the buffer gas, which is so called ion mobility [20].
The ion mobility (K) is the ion’s velocity divided by the electric field U (Equation 2.3)
[21]. The ion’s velocity can be experimentally determined by measuring drift time tp,

and the length L of the drift tube is known, so K can be calculated by:

K=" (Equation 2.3)

- tpxU

Electric Field

Figure 2.5 Schematic diagram of ion mobility spectrometry [22]
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As ions travel through the drift tube, the drift gas moves in the opposite direction.
Thus, the drift gas collides with the ions. An ion’s collision cross-section is defined as
the area where the drift gas strikes, so it is directly proportional to the size and shape of
the ion. In other words, the larger the cross-section, the more drift gas colliding with the
ion, and the longer the drift time for the ion travel through the tube. The collision cross-

section Q is calculated by:

__ 3ze 2t 1
" 16N 4| pkgTK

(Equation 2.4)

where z is the number of charges on the ion, e (C) is the elementary charge, N (m) is
the buffer gas number density, u is the reduced mass of the ion-neutral pair, kg is the
Boltzmann’s constant, T (K) is the draft gas temperature, and K (m?-V-1-s?) is the

reduced mobility (=measured mobility corrected to 760 Torr and 272.15 K) [23].

As can be seen in Equation 2.4, the mobility of the ion is inversely proportional to
its cross-section, so ions with the same m/z can be separated based on their size and
shape in IMS. However, the above equations are strictly true for a field-free drift tube ion
mobility experiment. Due to the complexity of the ion motion in TW-IMS, it is not
possible to directly relate drift time to cross section without calibration. In the current
study, TW-IMS was only used to separate porphyrin anions with the same m/z ratio and

not to determine their cross-section.
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2.2.4 Collision-induced dissociation

Collision-induced dissociation (CID) is a method for inducing fragmentation of
gas phase molecular ions in mass spectrometry. In August of 1968, both Jennings [24]
and Haddon et al. [25] reported the first CID mass spectra. In 1973, MalLafferty et al.
detailed valuable additional information of ion reaction mechanisms and structure
determination by CID [4], which led to CID becoming an independent and essential
technique in mass spectrometry. On a Waters Synapt G1 ion mobility/tandem mass
spectrometer, CID can be done in a trap cell or transfer cell. In this study, CID

experiments were done in the transfer cell, with and without IMS.

CID has four experimental conditions: high center-of-mass collision energies
Ecom (> 100 eV), intermediate E.,,, (1 — 100 eV), low E.,,, (multiple low-energy
collisions such as MS/MS performed in ion traps) and surface-induced dissociation.
Details are found in Mayer and Poon’s review about the mechanism of collision
activation of ions in mass spectrometry [26]. The collision regime in this study is
intermediate E ;.

Under the condition of intermediate E.,,,, the general shape of the post-collision
internal energy distributions for the dissociation ions, which can be derived from the
relative abundance of the fragment ion peaks, resembles a Boltzmann or related
distribution (Figure 2.6) [27-29]. In Figure 2.6 and 2.7, YGGFL 1 and 2 represent

different experimental parameters.
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Figure 2.6 Internal energy distributions of benzylpyridinium ions, ester ions and
protonated leucine encephalin (Reprinted from Naban-Maillet et al., 2005 with
permission) [30]

In a CID process, the molecular ions with a charge z are accelerated by a

designed potential V},, to get a laboratory kinetic energy E,,;, [31]:

Ei.p = zViap  (Equation 2.5)

The ions are then allowed to collide with neutral molecules (argon in this
research). The velocity of the target argon is considered to be zero because its velocity
is much smaller than the velocity of the accelerated molecular ions. In the collision, the
relative kinetic energy of the ion is transferred into internal energy. The center-of-mass
collision energy, E.om, IS the fraction of the laboratory kinetic energy E,,,, that is

available to be converted into internal energy [32]:

Ecom = Epap - —2—  (Equation 2.6)

mar+Mijon
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where m;,, and my,, are the molecular weight of the ion and target neutral molecule
argon respectively. Collisions will result in the breakdown of the molecular ion. The

fragment ions can then be analyzed by time of flight.

Naban-Maillet et al. findings show that when the cone voltage ranges from 10-50
eV, the mean internal energies linearly increased with collision voltage (Figure 2.7) [30].
In addition, Mayer and Martineau [32] used Equation 2.7 to approximate the relationship
between the effective temperature (Tqs) and the center-of-mass collision energy (E.om),
based on the following three conditions: (a) E IS in a small absolute range, (b) all of
the species studied dissociates over the same range of E.,,, and (c) all of the systems

are of similar degrees of freedom.
Ters = Tini + @Ecom  (EQuation 2.7)

where Tj,; represents the pre-collision (initial) internal temperature of the ions, and a
(unit: K eV1) is an adjustable parameter that represents the influence of E.,,, on the
Ter- The post-collision internal energy distribution can then be approximated by

calculating the effective temperature (T.¢) in Equation 2.7.
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Figure 2.7 Average of mean internal energies of benzylpyridinium ions, ester ions and
protonated leucine enkephalin as a function of the cone voltage in triple quadrupole mass
spectrometer. YGGFL 1 and 2 represent different literature parameters. (Reprinted from
Naban-Maillet et al., 2005 with permission) [30].

2.2.5 In-source-CID

In-source-CID is similar to CID except for the collision location. Molecular ions
are accelerated by a high sample cone voltage in the ion source to gain enough kinetic
energy and collide with neutral molecules in the source (nitrogen in this study). Certain
fragment ions in the source can then be selected by the first quadrupole. In-source-CID
is often used in addition to tandem mass spectrometry to allow for two steps of

fragmentation in a pseudo MS/MS/MS-type of experiment [33].
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2.2.6 Time of flight mass spectrometry

In this study, time of flight (TOF) mass spectrometry was used as a mass
analyzer in the last part of the Waters Synapt G1 ion mobility/tandem mass
spectrometer. A detailed theory of the TOF analyzer is found in Curt Brunnee’s review
about mass analyzer [34] and Chernushevich et al.’s publication about quadrupole TOF
mass spectrometry [35]. The TOF analyzer separates ions by the time it takes for an ion
to travel a fixed distance. An equation for an ion’s TOF (t.,s) can be derived from the

kinetic energy (Ey) of an ion in the drift tube:
Ex = % ‘Mo ' V2 = zU (Equation 2.8)

and the time it takes the ion to travel the effective length L. of the flight tube:
tior = % (Equation 2.9)

Substituting the equation into the kinetic energy equation, the ion’s TOF is given by:

teof = \L/;_ﬁ % (Equation 2.10)

During the analysis, the effective length of the drift tube L., and the voltage from the
ion source U are held constant. As a result, time of flight is directly proportional to the

root of m;,,/z.

In the TOF mass analyzer, the resolution is the observed mass divided by the difference

between two masses that can be separated, m;,,/Am;,,. Resolution (R) is calculated

by:
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vA (Equation 2.11)

2
Letf

m;j teof” teof Leff :
R=—"F%= to ~ = Equation 2.12
Amjopn ttofz_(ttof_Attof)2 2-Atgof 2(v-Atyof) ( q )

where m;,, and t,s are mass ( in Daltons) and flight time of the ion, Am;,, and At are
the peak widths measured at the 50% level on the mass and time scales, respectively.
v - At,or IS the thickness of an ion packet approaching the detector and L is the

effective length of the TOF tube (Figure 2.8).

lon_P.aEh. Multi-Channel

................. C— Plate Detector

Reflectron

Figure 2.8 Schematic diagram of time of flight [36]
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The TOF applied in this study is a reflecting TOF (V-geometry) (Figure 2.8).
However, the Waters Synapt G1 contains a double-reflectron (W, or two Vs), which
increases the resolving power by doubling the effective length (L.¢) of the TOF tube if
needed (but not used in this study). The reflectron also provides kinetic energy

focussing of the ion packet.

2.3 Understanding CID mass spectra

To understand CID mass spectra, the CID breakdown diagrams (plots of ion
relative abundance vs centre-of-mass collision energy) are modeled by Rice—
Ramsperger—Kassel-Marcus (RRKM) theory. RRKM theory [37] estimates the
unimolecular dissociation rate constants from a few characteristics of the potential
energy surface. In 1927, Rice and Ramsperger developed a collision theory, named
Theory Il, to model the unimolecular gas reaction rate at low pressures by treating a
molecule as a collection of identical harmonic oscillators. Theory Il suggests that one
oscillator has only a single degree of freedom, DOF (DOF is the number of variables
required to describe the motion of a particle completely), and the unimolecular
dissociation requires two conditions: a) a minimum total energy E,, and b) some single
DOF to acquire energy of E, or greater. In 1928, Kassel developed Theory Il into Theory
[l [38] by proving: it is some particular bond (two DOF), rather than some single DOF,
that acquires energy of E, or greater for the unimolecular dissociation. To put it simply,
Theory Il suggests one oscillator has two DOF, rather than one DOF. Theory Il was

named the RRK theory later [37]. From 1951 to 1965, Marcus and others [39-42]
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developed the RRK theory into the RRKM theory by taking the transition state
theory developed by Eyring [43] into consideration.

There are a few concepts involved in modeling the experimental CID breakdown
curves, including vibrational frequencies, the time-scale of dissociation, the
microcanonical rate constant, k(E), the entropy of activation, the post-collision internal
energy distribution, and the fraction of ions dissociating. Sections 2.3.1 to 2.3.6
introduce the concepts involved in modeling experimental CID data. Section 2.3.7 is the
procedure for fitting breakdown diagrams by two RRKM programs. Details are found in

a publication by Mayer and Martineau [32] and a publication by Baer and Mayer [44].

2.3.1 Obtaining vibrational frequencies of porphyrins.

To apply the RRKM theory, the harmonic vibrational frequencies of all the
porphyrins were calculated by geometry optimizations followed by frequency
calculations at the PM6 theory level using Gaussian 09. All frequencies are listed in

Appendix 6 Table A6.1

The transition state vibrational frequencies were approximated by removing the
last oscillator from the reactant ion in this study, and scaling the first 10 vibrational
frequencies by a common factor. In addition, since the transition state vibrational
frequencies are being adjusted to fit the experimental data, the actual choice of which

oscillator to remove is irrelevant [32].
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2.3.2 Time-scale of dissociation

In the Waters Synapt instrument, there are two collision cells: a) the trap cell
before the IMS cell, b) the transfer cell after IMS cell. All the collision activities
happened in the transfer cell in this research. The time scale (t) of events in the transfer
cell is the time it takes for the ion to travel through the cell (10 cm) at a certain velocity

(the travelling wave velocity) and arrive at the TOF mass spectrometer [21]:

t = lransfer  (Equation 2.13)

Vwave

2.3.3 Microcanonical rate constant

Rice-Ramsperger-Kassel-Marcus (RRKM) calculates rate constants in a unique
way (Figure 2.9), which not only takes into account the number of degrees of freedom

(DOF) but also their different vibrational frequencies

4
]E-Eo-e
e
2
E
Eo
N4

Figure 2.9 Reaction coordinate for a dissociation with a real barrier. E and Eo are the
total energy and activation energy. € is the transitional energy in the reaction coordinate.
E — Eo — € is the energy available to be statistically distributed. (Reprinted from Baer and

Mayer 1997 with permission) [44].
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The rate constant is calculated using this equation:

oNY(E—Eop)
hp(E)

k(E) = (Equation 2.14)

where o is the reaction degeneracy or the symmetry of the reactant structure, N*(E —
E,) is the sum-of-states for the transition states at an internal energy from 0 to (E — E,),
h is Planck’s constant, and p(E) is the vibrational density of states of the parent ion at
an internal energy E. The sum of states represents the number of ways to pass through
the transition state that has a total energy of (E — E;). The density of states represents
the number of ways to get lost in the molecular ion phase space at an internal energy E.
The transition state sum-of-states and reactant densities of states are calculated from
the vibrational frequencies of the parent ion and the transitional state structure obtained

from section 2.3.1, by using the direct count algorithm of Beyer and Swinehart [45].

2.3.4 Entropy of activation A*S

In thermodynamics, entropy (S) is a measure of the disorder of a thermodynamic
system. Thus, the entropy A*S of activation has a negative value if the transition states
are more ordered than the reactant ions, which usually means a rearrangement
process. Conversely, AtS has a positive value if the transition states are less ordered
than the reactant ions. A*S can be calculated with the vibrational frequencies and the

transition state:

Maf |, ut-u :
o + = (Equation 2.15)

Qt  ut-u
A#S = kBlnE+T= kBln
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where the average internal energy U and U* can be calculated from the usual formulas
by using the vibrational partition functions. Q is the total partition functions q; (Equation
2.16). T is a specified absolute temperature (300 K in this study) for the report of At*S

values.

1 .
i = ——FvmeD (Equation 2.16)

where h is Planck’s constant, v; is the frequency of oscillator i, kg is the Boltzmann

constant.

2.3.5 The post-collision internal energy distribution

The post-collision internal energy distribution is a function of the center-of-mass
collision energy, E.,m,- AS mentioned in section 2.2.4, E.,,, can be converted from the
laboratory kinetic energy E,,;, by Equation 2.6. The post-collision internal energy
distribution can be approximated by calculating the effective temperature (T.) by the
Equation 2.7. The internal energy distribution after collision P(E, E.,,,) can then be

calculated:

p(E)e”®/ (RTetd

P(E, Ecom) = Q(Ecom)

(Equation 2.17)

where p(E) is density of states of the ion at a certain effective temperature Teg, and

Q(Eom) is the total vibrational partition function at the effective temperature.
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2.3.6 The fraction of ions dissociating

The fraction of ions dissociating can be calculated as a function of internal

energy by:
F(E) =1 —e k®t  (Equation 2.18)

where t is the maximum time of the observation, i.e., the time required for the ion to
move from the collision region to the analyzer region of the mass spectrometer. The
total observation is then given by multiplying F(E) and P(E, E.,n), and integrating over

the internal energy:

® « dE (Equation 2.19)

Fi(E) = fo F(E) X P(E, Ecom) X K(E)

2.3.7 Theoretical breakdown diagram fitting

A complete theoretical breakdown diagram is obtained automatically by running
two FORTRAN programs written by Dr. Paul Mayer, namely “dcms.exe” and
“quattro.exe”. The theoretical breakdown diagram can be changed by altering the
following four parameters: i) the activation energy E,, ii) the first ten vibrational
frequencies of the transition state (which alters A*S), iii) initial temperature Tjy;, iv) a.
These four parameters are changed manually until the best-fitted theoretical breakdown
diagram that matches the experimental breakdown diagram is found. The following two

paragraphs explain how these two FORTRAN programs work:

a) “dcms.exe” is responsible for calculating: (a) microcanonical rate constant k(E),
which can be adjusted by altering the activation energy E, and the first ten
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vibrational frequencies of the transition; (b) the entropy of activation A*S, which
can be adjusted by altering the first ten vibrational frequencies of the transition.
b) “quattro.exe” is responsible for calculating: (a) the pre-collision reactant ion
internal energy, which can be adjusted by altering the initial temperature T;,;; (b)
the post-collision internal energy distribution, which can be adjusted by changing
T;n; @and a; and (c) the fraction of ions dissociating, which will be the theoretical

breakdown diagram.

2.4 Molecular simulation

While RRKM modeling of the CID breakdown curves provides information on the
activation energies and entropies of each process, this data must be interpreted with
respect to the mechanism of the reactions, something that often requires computational
chemistry to elucidate.

There are many reaction pathways from a reactant to a product. However, the
most likely one is that which proceeds with the minimum energy via the saddle point

(transition structure) (Figure 2.10).
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Figure 2.10 Key points on a reaction potential energy surface [46]

It is trivial to find the minimum point for small molecules as their potential energy
surfaces are small, while it is difficult to find the minimum point for big molecules. For
example, a big molecule such as porphyrin has a big and relatively flat potential surface,
which results in many local minimum points, and thus the global minimum point is
difficult to find. At low-levels of theory, such as PM6, the optimization of big molecule is
easy to converge, but the optimization from different initial structures may result in a
different local minima, and it must be noted that the energy cannot be trusted because
low-levels of theory are not accurate. At high-levels theory, such as B3-LYP/6-31+G(2d,
p), the optimization of big molecules may never converge, and it may take even a few
weeks or months to optimize a transition state with the current limited available

resources even if it does converge.
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As a result, large molecules are often not feasible to calculate with high level
guantum computational chemistry methods. A practical approach to rectify this problem
is to perform a thorough molecular simulation of the active functional groups of the big
molecule on a high-level theory, and then do the necessary calculation for the big

molecule at a lower level theory.

2.4.1 Density functional theory

Density functional theory (DFT) is a popular widely used method in quantum
chemistry for the calculation of molecular structures and energies. DFT is based on the
Hoheberg-Kohn (KH) theorems, and became practical after Kohn and Sham devised
the Kohn-Sham (KS) equation [47], for which Kohn won the Nobel Prize in Chemistry in
1998. The details about DFT are found in Gos’s [48] and Yin’s doctoral thesis [49]. The
main idea of DFT is to describe energy of an atomic system based on the ground state
electron density, instead of the electron wavefunction, through the use of functions of
the electron density. The ground state electron density depends on only three spatial
coordinates, while the electron wavefunction depends on 3N (N electrons) spatial
coordinates. The 3N spatial coordinates are rapidly becoming more computationally
demanding as the atomic system gets larger. However, the calculation of three spatial

coordinates is much cheaper, which can even be handled by a personal laptop.

Figure 2.11 represents the iteration scheme of DFT. The DFT optimization of
molecular structure starts with an initial electron density guess, followed by the
calculation of the effective KS potential v.¢(r). The next step is to solve the KS equation

with single-particle eigenvalues g; and KS orbital {;. Then a new electron density p(r) is
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calculated from the KS orbital s; followed by checking the convergence criterion. If the
criterion does not match, the calculated electron density will be mixed with the old one
from the previous iterations to get a new electron density. Finally, a new iteration will
then start with the new electron density. This process is repeated until the convergence

criteria are matched (see Table 2.1).

Initial Guess
p(r)

[
»
\

Calculate Effective Potential
Verr(r) = Ven (1) + [ Z2dr’ + Vc[p(r)]

Ir

!

Solving Kohn-Sham Equations
hZ
[_Eviz + Veff] Pi = &

!

Evaluate the Electron Density & Total Energy
p(0) = Zilbi (I

Converged?
no

ves

END

Figure 2.11 Flow chart of the iteration scheme of DFT [49]
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Table 2.1 The general convergence criteria for structure optimization at Gaussian 09

(“RMS” and “Maximum” are Root Mean Square residuals and maximum residuals,

respectively)
ltem Value Threshold | Converged?
Maximum Force 0.000135 | 0.00045 YES
RMS Force 0.000016 0.0003 YES
Maximum Displacement | 0.099278 0.0018 NO
RMS Displacement 0.014809 0.0012 NO

In this research, the dissociation process of negative and neutral
benzenesulfonate was modeled based on Ben-Ari’'s experiment [50]. Since the
electronic density is more spread out for molecules with excited states and anions, the
normal basis functions B3-LYP/6-31G is not enough for modeling the dissociation
process of negative benzenesulfonate ion. DFT calculations were performed at B3-
LYP/6-31+G(2d, p) level, which designates the 6-31G basis set by adding one diffuse
function “+” (a set of s and p orbitals) and two sets of d polarization functions to the
heavy atoms (Li - Ca), and one set of p polarization functions on light atoms (H - He)

[51-53].

2.4.2 B3-LYP/6-31+G(2d, p)+LANL2DZ//PM7

Semi-empirical quantum mechanical methods are based on Dewar and Thiel’s
“Neglect of Diatomic Differential Overlap” (NDDO) approximation [54, 55]. They are
simplified versions of the Hartree-Fock theory by using parameters from empirical data

in order to improve performance [56]. Semi-empirical quantum mechanical methods,

35



which draws a compromise between accuracy and economy, can be applied to systems
with thousands of atoms [57]. The first generation semi-empirical method MNDO [58,
59], firstly appeared in 1977. It initially only had parameters available for C, H, N, and O.
More parameters for other atoms and more semi-empirical methods were developed
shortly after, including AM1 [60] in 1985, PM3 [61] in 1989, MNDO-d [62] in 1996, RM1

[63] in 2006, and PM6 [64] in 2007.

In 2012, a new semi-empirical method, PM7 [65], was released by Dr. Jimmy
Stewart with his updated program “MOPAC2012” [66]. PM7 is an improved version of
PM6. All parameters have been re-optimized. PM7 also removed a few errors in the
NDDO theory that affected large systems. According to Stewart (the author of AM1,
PM3, RM1, PM6 and PM7), PM7 reduces the average errors in organic compounds by
around 10%. PM7 was proven to be the most robust tool among the semi-empirical

methods.

However, semi-empirical is still a low level theory in quantum chemistry. It is fast
but not as accurate when compared with higher level theories, such as DFT. In this
research, there are plenty of calculations for metalloporphyrin, which is such a big
system that it would take 7.5 days to run a single calculation at B3-LYP/6-31G(d, p)
level if the starting structure is the optimal one by chance. A large number of
calculations on metalloporphyrin are almost impossible with the current limited available
resources at a DFT level of theory, especially when most starting structures never
converge. Considering accuracy and economy of all the levels (see Figure 2.12), the
structure optimization of all the porphyrins were done by PM7, followed by single point

energy calculation with B3-LYP/6-31+G(2d, p)+LANL2DZ basis set. (There was no PM7
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when Figure 2.12 was published in the book “Exploring chemistry with electronic

structure methods” by Gaussian Inc. in 1996)

The B3-LYP/6-31+G(2d, p)+LANL2DZ basis set is a combination of the 6-
31+G(2d, p) basis set and the LANL2DZ effective core basis set. Specifically the atoms
H - Ar are described with the 6-31+G(2d, p) basis set, while heavier atoms are modeled
using the LANL2DZ basis set [51, 67]. The 6-31+G(2d, p) basis set was chosen in order

to keep the same level of theory with the calculation of benzenesulfonate.
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B3LYP/6-311+G(301,.2d1,2p) //
B3LYP/6-31G(d)

B3LYP/6-311+G(2d.p) /
B3LYP/6-311+G(2d,p)

B3LYP/6-311+G(2d.p) //
BALYP/6-31G(d)

B3LYP/6-311+G(2d.p) //
HF/3-21G(d)

BLYP/6-31+G{d.p) //
BLYP/6-31+G(d.p)

BLYP/6-311+G(2d,p) /
BLYP/6-311+G(2d,p)
B3LYP/6-31+G(d,p) /
B3LYP/8-31+G(d,p)

B3LYP/6-31+G(d.p) /
B3LYP/6-31G(d)

B3LYP/6-31G(d) /
B3LYP/6-31G(d)

B3LYP/6-31G(d) //
HF/3-21G(d)

MP2/6-311+G(2d,p) //
MP2/6-311+G(2d,p)

MP2/6-311+G(2d,p) //
B3LYP/6-31G(d)
B3LYP/6-31G(d) / AM1

MP2/6-31+G(d,p) //
MP2/6-31:G(d.p)
MP2/6-31+G(d,p) /
HF/6-31G(d)

PM3 // PM3

SVWNS/6-311+G(2d,p) //
SVWN5/6-311+G(2d.p)

AM1 // AM1
SVWN/6-311+G(2d,p) //
SVWN/6-311+G(2d,p)

HF/6-311+G(2d.p) //
HF/6-31G(d)

HF/6-311+G{2d,p) //
B3LYP/6-31G(d)
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HF/8-31G(d) / AM1
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Figure 2.12 Relative accuracies of different level of theories (Reprinted from Foresman

and Frisch, 1996 with permission from Gaussian Inc.) [68]. MAD is the mean absolute
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deviation from experiments and StdDec is the standard deviation, and the largest positive

and negative deviations from experiment for each chemistry model.
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Chapter 3. Experimental Procedures

3.1 Materials

All the metalloporphyrins (Table 3.1) were purchased from Frontier Scientific, Inc.

(Logan, UT 84321, USA). Methanol (A456-1) was purchased from Fisher Scientific (Fair

Lawn, New Jersey, USA). All solutions of metalloporphyrins were prepared by diluting

them with methanol with concentrations of 1 x 10° mol/L to 5 x 10 mol/L. A Diagger

Vortex-Genie 2 shaker was used at a medium speed setting to shake each solution for

approximately 5 minutes.

Table 3.1 Porphyrins studied in the research

MW

Full Name

Fe''TPPS

1024.27

Fe(lll) meso-tetra(4-sulfonatophenyl) porphine chloride (acid form)

Mn""TPPS

1023.36

Mn(lll) meso-tetra(4-sulfonatophenyl) porphine chloride (acid form)

Co'"TPPS

1027.36

Co(Ill) meso-tetra(4-sulfonatophenyl) porphine chloride (acid form)

Ni'"TPPS

991.67

Ni(ll) meso-tetra(4-sulfonatophenyl) porphine (acid form)

3.2 ESI-MS

The electrospray ionization mass spectrometry (ESI-MS) experiments of

Fe"TPPS, Mn'""TPPS, Co""TPPS, and Ni'"TPPS were all run on a Waters Synapt G1 ion

mobility/tandem mass spectrometer (Waters Corporation, USA) using the MassLynx

V4.1 operating system under the same experiment condition. Before the experiment,

the inlet was always first cleaned with a formic acid solution (5% formic acid, 47.5%

distilled water, 47.5% methanol), and then cleaned with methanol. Sample solutions
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were introduced via an automatic syringe pump at a flow rate of 20-40 yL-mint in
negative ionization mode. The capillary, cone and extractor voltage were set at 2.50 kV,
34V and 4 V, respectively. Source block temperature and desolvation temperature
were set to 100 °C and 200 °C to control the desolvation of the porphryins. The
desolvation gas flow was set at 176 L/Hr, and the cone gas flow was set at 40 L/Hr to
help reduce adduct ions (dimers and trimers), and to keep the sample cone clean. The
LM and HM resolution quadruple were both held constant at 10 in the MassLynx
software (unit mass resolution) to resolve the different m/z values. The multiplier was

held constant at 650. The mass-to-charge ratio range was set from 50 to 1000.

3.3 ESI-MS/MS

A Waters Synapt G1 ion mobility/tandem mass spectrometer (Waters
Corporation, USA) was used to carry out the electrospray ionization tandem mass
spectrometry (ESI-MS/MS) in negative ionization mode. The ion mobility spectrometry
(IMS) was on or off. All the CID experiments were run in the transfer cell. There were

seven MS/MS experiments in total for this study:

a) The iron porphyrin with a -2 charge, [Fe''TPPS+2H]%, was selected at m/z 493.0,
and the collision energies for CID ranged from 4 V to 62 V. The IMS was on
because the ESI-MS experiment demonstrated that there were both monomer
and dimer ions for the iron porphyrin at m/z 493.0. The IMS was on to separate

monomers from dimers.
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b) The iron porphyrin with a -3 charge, [Fe'"TPPS+H]*, was selected at m/z 328.3,
with the IMS off, and the collision energies for CID ranged from 4 V to 23 V. The
IMS was off because the ESI-MS experiment demonstrated that there were only
monomer ions for the iron porphyrin at m/z 328.3. Prior to that, approximately
20% of [Fe'"TPPS+H]* became fragment ions in the IMS when they collided with
the helium buffer gas.

c) The manganese porphyrin with a -2 charge, [Mn""TPPS+H]%, was selected at m/z
492.0, and the collision energies for CID ranged from 4 V to 50 V. The IMS was
on to separate monomers from dimers.

d) The manganese porphyrin with a -3 charge, [Mn""TPPS]*, was selected at m/z
327.6, with the IMS on, and the collision energies for CID ranged from 4 V to 42
V. The IMS was on to keep the experimental setting identical to [Mn""TPPS+H]%,
even though there were only monomers at m/z 327.6.

e) The cobalt porphyrin with a -3 charge, [Co""TPPS]*, was selected at m/z 329.0.
The collision energies for CID ranged from 4 V to 30 V when the IMS was on,
and from 4 V to 20 V when the IMS was off. The ESI-MS experiment showed
there were only monomers for the cobalt porphyrin ions at m/z 329.0. The IMS
was on and off to determine the influence of IMS on the fragmentation process.

f) The nickel porphyrin with a -3 charge, [Ni"TPPS+H]*, was selected at m/z 329.0.
The collision energies for CID ranged from 4 V to 23 V. The IMS was off
because ESI-MS experiments showed there were only monomers for nickel

porphyrin ions at m/z 329.0.

Detail settings for each experiment are included in Table A6.2 in Appendix 6.
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3.4 In-source-CID-MS/MS

A Waters Synapt G1 ion mobility/tandem mass spectrometer (Waters
Corporation, USA) was used to carry out the in-source-CID-MS/MS experiments. The
in-source-CID experiments were run on each molecular ion that were mentioned in
section 3.3. The sample cone voltage was set to a high value to break the parent ion to
its main fragment ions, among which two fragment ions (the loss of SO2 and SO3) were
then selected for the MS/MS experiment. Experiment settings were re-optimized to
maximize the abundance of these two fragment ions. The CID of these two fragment
ions were then carried out in the transfer cell. Table 3.2 lists all the important
parameters. It must be noted that the selected ions for [Fe''TPPS+2H]> were m/z 452.5
and 460.5 during this research, but theoretically they should be m/z 453.0 and 461.0.
This should be for the reason of one hydrogen loss from [Fe''TPPS+2H]?> caused by in-

source-CID. See Appendix 5 for details about [Fe'"TPPS+2H]>.

Table 3.2 Settings for all the in-source-CID-MS/MS experiments

Sample Select_ed fragment ions Collision
Cone from the in-source-CID (m/z) Voltage Range
Voltage (V) SOs loss SO loss V)
[Fe'"TPPS+2H]* 65 452.5 460.5 12-32
[Fe'"TPPS+H]* 52 301.6 306.7 4-23
[MN"TPPS+H]?* 65 452.0 460.0 15-29
[Mn"TPPS]* 65 301.0 306.3 4-20
[CO"TPPS]* 52 302.3 307.7 4-20
[Ni'"TPPS+H]* 50 302.3 307.7 4-22
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3.5 Obtaining experimental breakdown diagram

The fragmentation pathway map is the pathway of all the fragment ions from the
dissociation of the parent ion. To know the pathway of each fragment ion, the first step
is to perform the MS/MS of the parent ion under different collision energies, which is
extracted to obtain the breakdown diagram. The main fragment ions are listed in the
breakdown diagram. With the mass spectrum of each main fragment ion, the possible
structure can be deduced. The possible structure of each fragment ion is then examined
by comparing the theoretical isotope model with the experimental mass spectrum. Once
the structures of all the fragment ions are clear, the assumption about main channels for
those fragment ions is made. In the end, in-source-CID-MS/MS is performed to verify
the assumption, and divide all the channels to the main fragment ions. A breakdown
diagram of the main channels and the parent ion are plotted as a function of the center-

of-mass collision energy, E..n,- (See Chapter 4)
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Chapter 4. RRKM modeling for the dissociation of
[NI'"TPPS+H]*

4.1 ESI-MS of Ni'"TPPS

The mass spectrum of Ni'"TPPS (Figure 4.1) shows that there are different
charge states of Ni'"TPPS in methanol solution, including [Ni"TPPS]*, [NI"TPPS+H]*,
and [Ni"TPPS+2H]%. The one of interest is [Ni'"TPPS+H]?, which is only monomer
instead of a mix of monomer [Ni'"TPPS+H]* and dimer [(Ni"TPPS)2+2H]%. This was
verified by turning on the ion mobility spectrometry (IMS), which showed that no extra

ions could be separated.

The mass spectrum of [Ni'"TPPS+H]* (Figure 4.2) matches its theoretical isotope

model, so it proves to be a good reactant for the ESI-MS/MS experiment.

246.5: [NI'TPPS]*
1004 -~

329.0: [Ni[:FPPS+H]3'
493 9. [NITPPS+2HJ=

m/z
250 275 300 325 350 375 400 425 450 475 500

Figure 4.1 Mass spectrum of Ni'"TPPS
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Figure 4.2 Mass spectrum of [Ni'"TPPS+H]* and its isotope model

4.2 ESI-MS/MS of [Ni'"TPPS+H]*

The CID of [Ni'"TPPS+H]* was selected at m/z 329.0 with the collision voltage
ranging from 4 V to 23 V. Increasing the collision voltage decreases the abundance of
the parent ion [Ni'"TPPS+H]* to the point at which it disappears entirely and only
fragment ions are observed (Figure 4.3). At low collision energy, fragment ions are m/z
302.3 and 307.7, but at higher collision energies, more fragment ions are formed. The
lower half of Figure 4.3 contains all the main fragment ions resulting from the
dissociation of [Ni'"TPPS+H]*. The m/z of those fragment ions are 281.0, 286.3, 298.3,

302.3, 307.7, 381.5, 389.5, 407.5, 413.5, 421.5, 429.5 and 453.5.

Figure 4.4 is the breakdown diagram of [Ni'"TPPS+H]?- with all the main fragment

ions. They are plotted as a function of center-of-mass collision energy (E.om), Which is a
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fraction of the laboratory kinetic energy (E;,;) (Equation 2.6). E,,;, equals the collision

voltage Vj,, multiplied by the charge state of [Ni'"TPPS+H]* (Equation 2.5).
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307.7
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] 19V 407.5 4215
2] 2810 _ \413_5/
D} Agﬁ_a 307.7 329.0 3819359 5 4205 4535
- miZ
280 300 320 340 360 380 400 420 440
Figure 4.3 CID mass spectra of [Ni"TPPS+H]?* at different collision voltages
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Figure 4.4 Breakdown diagram of [Ni'"TPPS+H]*- with all the fragment ions
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4.3 Structure of all the fragment ions

The fragment ions mentioned in the section 4.2 can be calculated
mathematically. For example, the mass spectrum shows that the fragment ion with m/z
302.3 has a -3 charge (Am/z of adjacent peaks at m/z 302.3 is 0.33), so mass difference
between this fragment ion and the parent ion is 3 x (329.0 — 302.3) = 80.1. Considering
the big porphyrin ring has four benzenesulfonate functional groups that may lose SO3
[1], the difference of m/z 80.1 should be a neutral SOs, and the fragment ion with m/z
302.3 should be [Ni"TPPS+H-SOz]*. This result agrees with the mass spectrum isotope
model of [Ni'"TPPS+H-SOs]*- from MassLynx (Figure 4.5). In the same manner,
structures of all the fragment ions from the [Ni"TPPS+H]? dissociation were estimated.

Figure 4.6 lists all of them.

100 302.3
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‘ ‘ | 3040 3043
0 : ! ! ' m/z
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100 3023
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302.0
) ' ' A et miz
302 303 304

Figure 4.5 Mass spectrum of [Ni"TPPS+H-SO3]* and its isotope model
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Figure 4.6 Possible structures of fragment ions from the dissociation of [Ni"TPPS+H]*

4.4 In-source-CID-MS/MS and the map of the fragmentation pathways

There are 12 main fragment ions from the dissociation of [Ni'"TPPS+H]* as
mentioned in section 4.3. However, the pathways that these fragment ions take are still
not clear. Structures of these fragment ions show that all the fragment ions result from
the loss of one or several neutral/negative SO2, SOs, and CsH4O. When the collision
voltage is low, only fragment ions with m/z 302.3 and m/z 307.7 appear. They are
[NI"TPPS+H-SOs]*- and [Ni"TPPS+H-SO2]*, respectively. This is reasonable
considering that [Ni"TPPS+H]?> has four benzenesulfonate groups, where it can lose
S02/SO3 with enough energy [1]. Also, it seems that the other fragment ions, which
appear at a higher collision voltage, may all come from the breakup of the two main

fragment ions [Ni'"TPPS+H-SOs]* and [Ni"TPPS+H-SO:]*..

To verify this assumption, the in-source-CID-MS/MS of [Ni'"TPPS+H-SOs3]* and
[NiI"TPPS+H-SO2]* was carried out. The in-source-CID used a high sampling cone

energy of 50 V to break up the parent ion in the source. Then all the negatively charged
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fragment ions continued to the quadrupole, where ions with m/z 302.3 or 307.7 were

selected and their CID mass spectra obtained.

Figure 4.7 and 4.8 represent the breakdown diagrams of m/z 302.3 and m/z
307.7 from collision voltage 4 V to 22 V, in which the center-of mass E_,,, is established
on the x axis (Equation 2.5 and 2.6). There are four overlapped fragment ions present in
both the in-source-CID-MS/MS of m/z 302.3 and m/z 307.7. They are [Ni"TPPS+H-
2503-S02]%, [NiI'"TPPS+H-S03-2S02]%, [Ni'"TPPS+H-S03-CsH40]?, and [Ni'TPPS+H-
S03-S02]%. All of the other fragment ions, with exception of m/z 453.5, are only present
in the breakdown of either m/z 302.3 or m/z 307.7. See Figure 4.9 for the dissociation

pathways of [Ni'"TPPS+H]*.

The fragment ion with m/z 453.5 is an independent channel: [SOs] loss from
Ni'"TPPS+H]?* directly. However, this channel is ignored because it has a pretty low
relative abundance (maximum 1.68%) compared with the other two channels, and it
only appears at a high collision energy. Ignoring this channel will not influence the

activation energy calculations of the other two channels.
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Figure 4.8 In-source-CID-MS/MS of [Ni'"TPPS+H-SO2]*
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Figure 4.9 Possible dissociation pathways of [M]*- (where M = Ni'"TPPS+H)

4.5 Breakdown Diagram

The dissociation pathways of [Ni'"TPPS+H]* have been evaluated in section 4.4.
All the fragment ions, except for [Ni"TPPS+H-SOz3]%, are created by these two channels:
the breakdown of [Ni"TPPS+H-SOz]* and [Ni'"TPPS+H-SO2]*. However, the division of
those four overlapped fragment ions into these two channels still remains unclear. The
total relative abundance percent of all the overlapped fragment ions increase from O to
36.3% when increasing the collision energy (Figure 4.10), which is too significant to
ignore. The contribution of [Ni"TPPS+H-SOs]* to these four overlapped fragment ions
are calculated by Equation 4.1. Figure 4.11 shows the % contribution of [Ni"TPPS+H-
SOs]* to those four overlapped fragment ions, which seems to be consistent when

increasing the collision voltage.
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As03 loss channel .
% = 3 (Equation 4.1)
A503 loss channe1+A502 loss channel

As a result, the average percentage value of each overlapped fragment ion was
used to divide the overlapped fragment ions to the channels [Ni'"TPPS+H-SOs]* and

[NI"TPPS+H-SO2]* for the breakdown diagram of the parent ion [Ni'"TPPS+H]?".
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Figure 4.10 Total relative abundance of the overlapped fragment ions from both
[NiI"TPPS+H-SO3]* and [Ni"TPPS+H-SO2]*
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Figure 4.11 Relative abundance % contribution from [Ni"TPPS+H-SOz]* to the
overlapped fragment ions
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Thus, equation 4.1 was used to assign the appropriate percentage of the four

overlapping channels to the two main fragment ions to produce the breakdown diagram

in Figure 4.12
Q 100% & @ o o o ,
c " ;. * . e ® ® @ 0o
S goyw | [NITPPSHH] . o *  SOsloss
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S 0 . hd
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Figure 4.12 Final breakdown diagram for the dissociation of [Ni"TPPS+H]*

4.6 RRKM modeling the dissociation of [Ni'"TPPS+H]* and other
metalloporphyrins

To understand CID mass spectra, the breakdown diagram was modeled by
RRKM theory by using the harmonic vibrational frequencies of [Ni'"TPPS+H]* (see
Table A6.1 in Appendix 6). RRKM theory estimates the theoretical breakdown diagram
by altering the following four parameters: i) the activation energy E,, ii) the first ten
vibrational frequencies of the transition state, iii) the pre-collision internal temperature of
the ions T;,;, and iv) a (Equation 2.7). These four parameters were changed manually
until the best-fitted theoretical breakdown diagram that matches the experimental

breakdown diagram was found (Figure 4.13).
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Figure 4.13 RRKM modeling results for the dissociation of [Ni'"TPPS+H]*

See Appendices 1 - 5 for the derivation of the breakdown diagrams and RRKM
modeling for [C0""TPPS]*, [Mn"TPPS]*, [Mn""TPPS+H]%, [Fe'"TPPS+H]*, and
[Fe'"TPPS+2H]%. Table 4.1 lists all the activation energies and entropies modeled by
RRKM for the dissociation of molecular ions. T;,; and « for all the six ions studied in this
research were assumed to be 400 and 150, respectively. See Chapter 6 for the

discussion of the meaning of these activation energies.
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Table 4.1 RKKM modeling results for the dissociation of [Ni'"TPPS+H]*, [Co""TPPS]?,
[MN'"TPPS]®, [Mn""TPPS+H]%, [Fe'TPPS+H]%, and [Fe'TPPS+2H]?

RRKM A$S
Parent lon IMS Parameters Channel Eo at 300 K
Tini o (ev) (J mol.l,K.l)
(K) | (Kev) '
_ SOs3 loss 1.30+0.03 6+5
[NI"TPPS+H]* Off 400 150
SOz2 loss 1.48 £ 0.03 9+5
SOs3 loss 1.40+£0.02 2+5
[Co"TPPS]* On 400 150
SOz loss 1.33+0.02 -3+5
SOs loss 0.80+0.10 -81 + 15
[Fe'"TPPS+H]* Off 400 150
SOz2 loss 0.55+0.10 -132 + 15
SOs3 loss 1.47 £0.01 -48 + 5
[Fe'"TPPS+2H]> | On 400 150
SOz2 loss 1.49+0.01 -57+5
SOs loss 1.60 + 0.03 -50+5
[Mn"TPPS]* On 400 150
SOz loss 1.33+0.03 -73+5
SOs3 loss 2.56 +0.10 106 + 15
[MN""TPPS+H]> | On 400 150
SOz2 loss 2.23+0.10 63 + 15

It has to be noted that due to the inherent limitations in the theory employed for

modeling the breakdown curves, the values listed in Table 4.1 cannot be taken as

absolute values, but rather their relative magnitudes should be reasonable. This is

because the activation energy and entropy of a reaction change with T;,; and a, which

are unknown in this research. T;,; and a are similar for the dissociation of ions with

similar structures under similar experiments conditions, but they might be quite different

under different experimental conditions, such as IMS on and off (see Appendix 1).

However, the focus of this study is to compare the activation energies of the two

dissociation channels of a same parent ion, and see which one is higher and how close
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they are. RRKM modeling is good at this even when T;,; and a are unknown (see

Appendix 1).
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Chapter 5. Molecular Simulation

As discussed in section 2.4, calculations on the metalloporphyrins are often not
feasible with high level quantum computational chemistry methods. A practical
approach to rectify this problem is to perform a thorough molecular simulation of the
benzenesulfonate functional groups of metalloporphyrins on a high-level theory, and
then perform the necessary calculations for the metalloporphyrins at a lower level

theory.

5.1 Molecular simulation on the dissociation of negative and neutral
benzenesulfonate at B3-LYP/6-31+G(2d, p) level

In this research, the dissociation processes of negative and neutral benzene-
sulfonate (Figure 5.1) were modeled based on Ben-Ari’'s experiment [1]. Molecular
simulations, including minimum energy state optimization, transition state optimization
and intrinsic reaction coordinate calculations, were performed at B3-LYP/6-31+G(2d, p)
level. The energy of each molecular was calculated by adding together values of “HF”
and “zero-point correction” extracted from the Gaussian output file (unit:
Hartree/Particle). The energies demonstrated in Hartree’s were then subsequently

converted to eV by multiplying them by 27.2114.
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Figure 5.1 Structures of neutral and negative benzenesulfonate

Figure 5.2 shows the molecular simulation results obtained, in which neutral

benzenesulfonate directly loses neutral SOs and SO2. Activation energies needed for

these losses (SOs3 and SO2) were of the magnitude of 2.62 eV and 2.27 eV,

respectively. By observation of this figure, it is easily identifiable that less energy is

required to lose SO3 compared to SOz2.

T5: 50, loss
2.62 eV
SO.H / TS NN
/7 S0;loss S Pairs
f0 22TeV V. 0.68eV

i’

A
\'.

Benzenesulfonate S
0.00 eV Pairs
050 eV

Figure 5.2 Mechanism of losing neutral SO2 and SOs from neutral benzenesulfonate
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Figure 5.3 shows the molecular simulation result of losing a neutral SOz from a
negative benzenesulfonate ion. Negative benzenesulfonate ion can directly lose SOz,

but an activation energy of 2.32 eV is required.

T5: 1on a loses S0,

232 eV
_J' A
/ 3\
! Y
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; \
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0.00 eV pairs

-0.15eV

Figure 5.3 Mechanism of losing neutral SOz from negative benzenesulfonate ion (ion a)

Figure 5.4 illustrates the molecular simulation results for losing [SOs] from the
negative benzenesulfonate ion. Negative benzenesulfonate ion (ion a) (Figure 5.1)
cannot lose [SOs] directly. Instead, one H is donated from the benzene ring to the
sulfonate functional group, forming —SOsH (ion b). lon b can lose [SOg]" if an activation
energy greater than or equal to 4.33 eV is present. This ion (ion b) may also become ion
c (Figure 5.4) if the H is moved from the para position to the meta position. However,
ion b prefers to lose [SOs] instead of becoming ion c, since the loss has a much lower
energy barrier than the conversion from ion b to ¢ (4.33 eV vs 5.56 eV, respectively).
The same pathway will hold for the loss of neutral SOs, the fragment pair [CsHs]” + SO3

being 0.80 eV above those for the loss of [SO3s]" (The electron affinity of the phenyl
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radical is 0.80 eV lower than that of SO3). While higher in energy, the dissociation limit

still lies below the 4.33 eV barrier in Figure 5.4.
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TSionatod R "8 ‘._ A
353ev 1 [503] loss-;, Pairs ; N
S L assey 33y N
A '\ _ ; L
-' 503 _ \___;. vairs
@ @v SDzH SO;H 3.35eV
lon a ,- lon d @ :
0.00 eV/ 3.40 eV lon b lon ¢
- 282 eV 283 eV

Figure 5.4 Mechanism of losing [SOs]" from negative benzenesulfonate ion (ion a).

Table 5.1 The relative activation energies for SO2/SOs loss from neutral and ionized

benzenesulfonate investigated by molecular simulations at B3-LYP/6-31+G(2d, p) level

Eo of SOzloss (eV) | Eo of SO2 loss (eV)

CeHs5SO3H 2.27 2.62

[CsHsSO3] (lon a) 4.33 ([SO3]") 2.32

In summary, neutral benzenesulfonate can directly lose SOz and SOs, but the
loss of SOs is preferred. Negative benzenesulfonate ion can directly lose SOz, while

there must be one H transferred to the —SOs3 functional group before the negative
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benzenesulfonate ion can lose [SO3], and in this case the barrier is huge for H

movement on negative benzenesulfonate ion.

5.2 Molecular simulation on the energy changes for transferring H on
[Co"TPPS]?* and [Mn""TPPS]? at B3-LYP/6-31+G(2d, p)+LANL2DZ//PM7
level

[NI'TPPS+H]®, [Mn"TPPS+H]?, [Fe!'TPPS+H]%, and [Fe'TPPS+2H]? have
benzenesulfonate functional groups with and without H attached to —SOs3, while
[Co"TPPS]®* and [Mn""TPPS]* only have benzenesulfonate without H attached to —SOs.
The benzenesulfonate functional group without H attached to —SOs can be considered
to be a negative benzenesulfonate (ion a), and the benzenesulfonate with H attached to

—S0s is can be considered to be a neutral benzenesulfonate.

According to the summary in section 5.1, neutral benzenesulfonate can directly
lose SOz and SOs, and negative benzenesulfonate ion can directly lose SO2. Therefore,
[NI"TPPS+H]*, [Mn""TPPS+H]?, [Fe'"'TPPS+H]*, and [Fe'"TPPS+2H]? can also directly
lose those molecules. However, [Co""TPPS]* and [Mn""TPPS]* only have a negative
benzenesulfonate functional group. As a result, negative benzenesulfonate functional
group can directly lose SOz, but there must be one H transferred to —SOs functional
group before the negative benzenesulfonate group loses SOs. However, H movement
on [Co""TPPS]* and [Mn""TPPS]® may not need a huge barrier. As mentioned in section
1.2, T. Gozet et al. observed that H loss was one of the main dissociation channels for

[Fe'""TPP]* and [Mn"'"TPP]* [2].
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Therefore, it is necessary to know the activation energies for transferring H from
the porphyrin ring to the negative benzenesulfonate functional groups. If it is facile, it

would be highly possible SOz and SOz loss will have similar activation energies.

The mechanism of H movement on porphyrin monomer was investigated by
calculations at B3-LYP/6-31+G(2d, p)+LANL2DZ//PM7 level, which is a combination of
the 6-31+G(2d, p) basis set and the LANL2DZ effective core basis set. The energy of
each molecule was calculated by using “HF” value extracted from the Gaussian output
file (unit: Hartree/Particle). It must be noted that there is no “zero-point correction” for
single point energy calculation, because molecules are not optimized and frequencies

are not calculated [3]. This correction differs from the calculations in section 5.1.

79 78 79 78
- O\ IO O\\ . B - O\ ',O N :
4 1 S\\ ’, W
3 3
4 4
7 7
8 8
S2T QL S2 T Q,
o Yo o’ o o Yo o’
[COIIITPP813- [MnIHTPPS]s_

Figure 5.5 H movement on cobalt porphyrin and manganese porphyrin investigated by
molecular simulation at B3-LYP/6-31+G(2d, p)+LANL2DZ//PM7 level. 1 to 8 are the
positions that might offer H. 77 to 79 are the positions that might accept the H. The
numbers highlighted in circles are the ones that have the lowest energy change when

the H moves from the H donor to the H acceptor.
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Figure 5.5 shows the structure of [Co""TPPS]*. Positions 1 to 8 are possible H
donors, whereas 77 to 79 are possible H acceptors. Out of the 24 possible structures,
the structure with the lowest energy is highlighted in circle, where the H moves from
position 3 to 79 in [Co""TPPS]*, with an energy change of + 2.11 eV. In addition, the
structure with the lowest energy for [Mn""TPPS]? is the one where the H moves from
position 3 to 78, with an energy change of + 2.25 eV. See Table 5.2 and 5.3 for all the
energy changes after moving one H from the porphyrin ring to the negative benzene-

sulfonate functional groups on [Co""TPPS]?* and [Mn""TPPS]?,

Table 5.2 Energy differences between the product and reactant when H moves from the

porphyrin ring to the negative benzenesulfonate functional group on [Co""TPPS]*

Energy at B3-LYP/6-31+G(2d, p)+LANL2DZ
H Position /IPM7 level (eV)
O position 77 O position 78 O position 79
1 2.1132 2.6163 2.1173
2 2.6728 2.7117 2.6563
3 2.6083 2.1081 2.1079
4 2.7026 2.6958 2.6473
5 2.8326 2.5281 2.8485
6 2.7556 2.7633 2.7872
7 2.6974 2.7047 2.7062
8 2.9214 2.9173 2.9496
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Table 5.3 Energy differences between the product and reactant when H moves from the

porphyrin ring to the negative benzenesulfonate functional group on [Mn""TPPS]*

Energy at B3-LYP/6-31+G(2d, p)+LANL2DZ
H Position IIPM7 level (eV)
O position 77 O position 78 O position 79
1 2.2551 2.8286 2.2556
2 2.8828 2.8959 29177
3 2.8392 2.2511 2.2512
4 2.9288 2.9188 2.8825
5 2.5025 2.5114 2.5122
6 2.7515 2.7534 2.7670
7 2.5143 2.5144 2.5114
8 2.7680 2.7638 2.7498

The energy changes of H movement on [Co""TPPS]* (2.11 eV) and [Mn"'"TPPS]*
(2.25 eV) are smaller than those of H movement on negative benzenesulfonate ion
(2.82 eV: ion a to ion b). In addition, energies of [Co""TPPS]* and [Mn""TPPS]* were
calculated at B3-LYP/6-31+G(2d, p)+LANL2DZ//PM7 level, and PM7 is a lower level of
theory compared with the B3-LYP/6-31+G(2d, p)+LANL2DZ, so it is not as accurate as
at B3-LYP/6-31+G(2d, p)+LANL2DZ. The energies of the products after H movement
will be lower if using the B3-LYP/6-31+G(2d, p)+LANL2DZ basis set, and the energy
changes might also be lower than 2.11 eV and 2.25 eV for [Co""TPPS]* and

[MN'"TPPS]?.
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According to Bell-Evans-Polanyi (BEP) principle [4, 5], Hammond postulate [6]
and Marcus theory [7, 8], for similar reactions, the more exothermic (endothermic)

reaction will have the lower (higher) activation energy (See Figure 5.6).

I N z

Er Eo Ep Er Eo Er Eo

Figure 5.6 Curve-crossing model for a reaction. Er, Eo, and Ep represent reactant,

activation, and product energy, respectively.

The H movement reactions in [Co""TPPS]? and [Mn""TPPS]? are both
endothermic reactions, and H movement reactions with the smallest energy change
both occurred in the benzenesulfonate functional groups (see Figure 5.5), which means
the H movement reactions in [Co"'TPPS]*- and [Mn""TPPS]? should be similar with the
reactions in the negative benzenesulfonate ion (ion a) (see Figure 5.4). As mentioned
above, the H movement in [Co"'TPPS]*- and [Mn""TPPS]* is more facile compared with
the H movement in the benzenesulfonate system, so it should occur with a smaller

barrier.
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Chapter 6. Conclusion

6.1 Common fragmentation pathways

The map of fragmentation pathways of metalloporphyrins with a -3 charge,
namely [Ni"TPPS+H]*, [Co""TPPS]®* and [Mn""TPPS]*, [Fe!'TPPS+H]*, are relatively
similar. Figure 6.1 is common among all of them (see Figure 4.9, A1.10, A2.9, and
A4.9). Metalloporphyrins with a -2 charge, namely [Mn""TPPS+H]? and [Fe''TPPS+2H]%,

have a common part shown in Figure 6.2 (see Figure A3.9, and A5.11).

/'| [M-SO3-SO,*

O

SO3]—> [M-2S03]* [M-2S03-SO,]*
Coty,
/ 40/\
ON \

ok [M-SO3-CgH40]*
[M]* SO,—P [M-SO3-SO,* [M-S03-2S0,]*
) s
@] ), \‘I [M-2S05,]

*‘ [M-SO3]* [M-CeH40]*

Figure 6.1 Common fragmentation pathways of [Ni'"TPPS+H]*, [Co"'TPPS]?*- and
[Mn""TPPS]?, [Fe'"TPPS+H]*. (M represents these monomers with a -3 charge)
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Figure 6.2 Common fragmentation pathways of [Mn""TPPS+H]?> and [Fe'"TPPS+2H]>.

(M represents these monomers with a -2 charge)

6.2 The dissociation of [Co"'TPPS]* and [Mn"'TPPS]*

As summarized in section 5.2, H movement on [Co""TPPS]?*- and [Mn""TPPS]*
are easy to occur with low energy barrier. As a result, the reaction that loses SOs from
[Co"TPPS]? or [Mn""TPPS]* will have a lower activation energy, which might be similar
to the activation energy for the reaction that loses SO2.. RRKM modeling shows that the
loss of SOs and SO2 from [Co""TPPS]* are 1.40 eV and 1.33 eV, respectively; and the
loss of SOs and SO2 from [Mn""TPPS]?- are 1.60 eV and 1.33 eV, respectively (Table
4.1). The difference between the activation energies required for SOz and SO2 loss are
smaller for both [Co""TPPS]? (0.07 eV) and [Mn""TPPS]* (0.27 eV), compared with that
of negative benzenesulfonate ion (ion a) (2.01 eV). Therefore results from RRKM

modeling match the molecular simulation.

On the other hand, RRKM modeling shows that the loss of SOs requires a little bit
higher activation energy compared with the loss of SO2 from both [Co"'TPPS]* and
[Mn""TPPS]®. This is reasonable because the activation energy for moving H from the

porphyrin ring to the negative benzenesulfonate functional groups in [Co"'TPPS]* and
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[Mn""TPPS]® might be still higher than the activation energy of the loss of SO2 and SOs
from [Co"TPPS]* and [Mn""TPPS]*, even though they are more facile than in the
benzenesulfonate system (Figure 5.4). Therefore, the activation energies for the
reactions of [Co""TPPS]* and [Mn""TPPS]? that lose SOz should actually be the
activation energies for moving H from the porphyrin ring to the negative

benzenesulfonate functional groups in [Co""TPPS]® and [Mn""TPPS]?.

6.3 The dissociation of [Ni'"TPPS+H]*, [Fe!'TPPS+2H]?%, [Fe'TPPS+H]*
and [Mn""TPPS+H]*

As mentioned in section 5.2, [NI"TPPS+H]?, [Mn"TPPS+H]?%, [Fe''TPPS+H]%,
and [Fe'"TPPS+2H]? can directly lose SOz and SOs because they have both neutral and
negative benzenesulfonate functional groups. Neutral benzenesulfonate can directly
lose SO2 and SOs with activation energies of 2.62 eV and 2.27 eV, respectively; and
negative benzenesulfonate ion (ion a) can directly lose SO2 with an activation energy of
2.32 eV (Table 5.1). As a result, when both -CeH4SO3™ and -CeéH4SOsH are present in
metalloporphyrins, the following reactions should occur: a) SOs loss (2.27 eV) directly
from -CeH4SOsH; b) SOz loss (2.32 eV) will prefer to directly occur on -CeéHs4SOg', rather
than on -CsHaSOsH. Since 2.27 and 2.32 eV are similar, the activation energies for
reactions that lose SOz and SOs from [Ni'"TPPS+H]*, [Mn""TPPS+H]?, [Fe!'TPPS+H]?®,
and [Fe'"TPPS+2H]? should be very similar, and SOs loss would requires a little bit

lower activation energy (2.27 eV < 2.32 eV).

When it comes to [Ni'"TPPS+H]3 and [Fe'"TPPS+2H]?%, the molecular simulations

above match the RRKM modeling perfectly (see Table 4.1 for activation energies).
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[Ni"TPPS+H]* needs 1.30 eV to lose SOz, and 1.48 eV to lose SO2. The activation
energies are relatively close and 1.30 eV is a little bit lower than 1.48 eV.
[Fe'"TPPS+2H]?> needs 1.47 eV for SOz and 1.49 eV for SOz loss, which is almost the

same activation energy.

However, the RRKM modeling for [Fe'"TPPS+H]?* and [Mn""TPPS+H]? do not
agree with the molecular simulations performed in Chapter 5. [Fe'"TPPS+H]? requires
0.80 and 0.55 eV to lose SOs3 and SOz, respectively (see Table 4.1). This case is easy
to understand, because the H loss from almost all of its fragments and the parent ion
[Fe'"TPPS+H]?* disrupt the dissociation process (see Figure 6.3 and Figure A4.9).
Considering there are almost 100% [Fe''TPPS-SOz]* (m/z: 306.7), it might only come
from the fragmentation of [Fe''TPPS]*, instead of [Fe'"TPPS+H-SO:]*. The real
dissociation channels might be a mix of the following processes: a) [Fe'"TPPS+H]* to
[Fe'"TPPS]*, b) SOz loss from both [Fe''TPPS+H]*, and c) SOz and SO2 loss from

[Fe'TPPS]*-
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Figure 6.3 CID Mass spectra of [Fe''TPPS+H]? at different collision voltages (MS/MS
experiments in Appendix 4). The y-axis of m/z 306.7 and 328.3 are not in the same

scale. Peaks with a dark background have not lost H.

[Mn""TPPS+H]? requires higher activation energy for SOz loss (2.56 eV)
compared with SOz loss (2.23 eV). This phenomenon might be caused by the metal
center Mn. Tablel.1 (see Chapter 1) shows Mn has the lowest electronic affinity (< 0

eV) compared with Fe (0.15 eV), Co (0.66 eV) and Ni (1.16 eV).

With the development of super computer technology, a thorough molecular

simulation, including minimum energy state optimization, transition state optimization,
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and intrinsic reaction coordinate calculation on the dissociation of metalloporphyrins,

should be able to be performed to verify the conclusion of this research in a few years.
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Statement of Original Research

e Activation energies for the dissociation of [Ni"TPPS+H]*, [Co""TPPS]*,
[Mn""TPPS]?, [MN"TPPS+H]%, [Fe'"TPPS+H]?, and [Fe''TPPS+2H]* were
obtained by modeling their breakdown diagrams by using RRKM theory.

e In-source-CID-MS/MS experiments were performed to verify fragmentation
pathways of [NI"TPPS+H]%, [Co"TPPS]*, [Mn""TPPS]3, [Mn'"TPPS+H]?,
[Fe'"TPPS+H]*, and [Fe'"TPPS+2H]*.

e Molecular simulations were applied to investigate the energy changes for
transferring H on [Co""TPPS]?* and [Mn""TPPS]?* at B3-LYP/6-31+G(2d,
p)+LANL2DZ//PM7 level of theory

e Molecular simulation at B3-LYP/6-31+G(2d, p) level: a) SO2 and SOs loss from

neutral benzenesulfonate; b) H transferring process from ion ato b

SO;5 SOzH
lon a lonb
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Appendix 1. RRKM modeling for the dissociation of
[Co""TPPS]*>

Al.1 ESI-MS of Co""TPPS

The mass spectrum of Co""TPPS (Figure Al.1) shows there are different charge
states of Co""TPPS in methanol solution, including [Co""TPPS]* and negligible
[Co"TPPS+H]%. The one of interest is [Co""TPPS]?, which is only monomer, instead of
a mix of monomer [Co"'"TPPS]?- and dimer [(Co"'TPPS)2]¢. This was verified by turning

on the ion mobility spectrometry (IMS), which showed no extra ions can be separated.

The mass spectrum of [Co""TPPS]* (Figure A1.2) totally agrees with its
theoretical isotope model, so it proves to be a good reactant for the ESI-MS/MS

experiment.

329.0: [Co'"TPPS]*
100

==

494.0: [CO"TPPS+HJ>

\ miz
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Figure Al1.1 Mass spectrum of Co""TPPS
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Figure Al1.2 Mass spectrum of [Co"'TPPS]® and its isotope model

Al.2 ESI-MS/MS of [Co""TPPS]*

The CID of [Co""TPPS]? was selected at m/z 329.0 with the collision voltage
ranging from 4 V to 30 V when the ion mobility separation (IMS) was on, and with the
collision voltage ranging from 4 V to 20 V when the IMS was off. Increases of the
collision voltage have the effect of decreasing the abundance of the parent ion
[Co"TPPS]® to the point at which it disappears entirely and only fragment ions are
observed (Figure A1.3). At low collision energy, fragment ions are m/z 302.3 and 307.7,
but at higher collision energies, more fragment ions are formed. The lower half of Figure
A1.3 contains all the main fragment ions resulting from the dissociation of [Co"'TPPS]?.
The m/z of those fragment ions are 277.0, 281.0, 286.3, 289.7, 298.3, 302.3, 307.7,

369.5, 375.5, 381.5, 383.5, 389.5, 397.5, 407.5, 413.5, 421.5, 429.5 and 453.5.

Figure Al1.4 and A1.5 are the breakdown diagram of [Co'TPPS]*- with all the

main fragment ions. They are plotted as a function of center-of-mass collision energy
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(Ecom), Which is a fraction of the laboratory kinetic energy (E,,;,) (Equation 2.6). E;,

equals the collision voltage Vi,;, multiplied by the charge state of [Co""TPPS]* (Equation

25).
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Figure A1.3 CID mass spectra of [Co""TPPS]? at different collision voltages (IMS on)
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Figure Al.4 Breakdown diagram of [Co""TPPS]* with all the fragment ions (IMS on)
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Figure A1.5 Breakdown diagram of [Co""TPPS]* with all the fragment ions (IMS off)

A1.3 Structure of all the fragment ions

The fragment ions mentioned in the section A1.2 can be calculated
mathematically. For example, the mass spectrum shows that the fragment ion with m/z
302.3 has a -3 charge (Am/z of adjacent peaks at m/z 302.3 is 0.33), so the mass
difference between this fragment ion and the parent ion is 3 x (329.0 — 302.3) = 80.1.
Considering the big porphyrin ring has four benzenesulfonate functional groups that
might lose SOs, the difference of m/z 80.1 should be a neutral SOs, and the fragment
ion m/z 302.3 should be [Co""TPPS-SOs]*. This result agrees with the mass spectrum

isotope model of [Co""TPPS-S03]* from MassLynx (Figure A1.6). In the same manner,
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structures of all the fragment ions from the [Co"'"TPPS]* dissociation were estimated.

Figure A1.7 lists all of them.
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Figure A1.6 Mass spectrum of [Co""TPPS-SOs]*- and its isotope model
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Figure A1.7 Possible structures of fragment ions from the dissociation of [Co""TPPS]*

Al.4 In-source-CID-MS/MS and the map of the fragmentation
pathways

There are 18 main fragment ions from the dissociation of [Co"'TPPS]* as
mentioned in section Al1.3. However, the pathways that those fragment ions take are
still not clear. Structures of these fragment ions show that all the fragment ions result
from the loss of one or several neutral/negative SO2, SO3, and CsH4O. When the
collision voltage is low, only fragment ions with m/z 302.3 and 307.7 appear. They are
[CO"TPPS-SOs]* and [Co""TPPS-S0:2]*, respectively. This is reasonable considering
that [Co""TPPS]? has four benzenesulfonate groups, where it can lose SO2/SO3 with

enough energy. Also, it seems that the other fragment ions, which appear at a higher
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collision voltage, may all come from the breakup of the two main fragment ions

[Co"TPPS-SO3]* and [Co""TPPS-SOJ*.

To verify this assumption, the in-source-CID-MS/MS of [Co""TPPS-SO3]* and
[Co"TPPS-SO2]* was carried out. The in-source-CID used a high sampling cone
energy of 52 V to break up the parent ion in the source. Then all the negatively charged
fragment ions continued to the quadrupole, where ions with m/z 302.3 or 307.7 were

selected and their CID mass spectra obtained.

Figure A1.8 and A1.9 represent the breakdown diagrams of m/z 302.3 and m/z
307.7 from collision voltage 4 V to 20 V, in which the center-of mass E,, is established
on the x-axis (Equation 2.5 and 2.6). There are six overlapped fragment ions present in
both the in-source-CID-MS/MS of m/z 302.3 and m/z 307.7. They are [Co"'TPPS-
CesHaSO3- SO3)%, [CO""TPPS-2S03-S02]%, [Co""TPPS-CeH4SO3- SO2]%, [Co"'"TPPS-SOs-
2S502)%, [Co"TPPS-CsH40- SO3]%, and [Co""TPPS-S03-S02]%. All of the other fragment
ions, with exception of m/z 453.5, are only present in the breakdown of either m/z 302.3

or m/z 307.7. See Figure A1.10 for the dissociation pathways of [Co""TPPS]*.

The fragment ion with m/z 453.5 is an independent channel: [SOs] loss from
Co""TPPS]? directly. However, this channel is ignored because it has a pretty low
relative abundance (maximum: 0.68%) compared with the other two channels, and it
only appear at a high collision energy. Ignoring this channel will not influence the

activation energy calculations of the other two channels.
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Figure A1.10 Possible dissociation pathways of [M]* (where M = Co"'"TPPS)

Al.5 Breakdown Diagram

The dissociation pathways of [Co""TPPS]® have been evaluated in section Al.4.
All the fragment ions, except for [Co""TPPS-SOz3]%, are created by these two channels:
the breakdown of [Co"'TPPS-SO3]* and [Co""TPPS-SO2]*. However, the division of
those six overlapped fragment ions into these two channels still remains unclear. The
total relative abundance percent of all the overlapped fragment ions increase from 0 to
9.4% when increasing the collision energy with IMS on, while it is from 0 to 5.4% when
the IMS is off (Figure A1.11). It might influence the RRKM calculation if those six

overlapped fragment ions are just ignored. The % contributions of [Co""TPPS-SOs]* to
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these six overlapped fragment ions are calculated by Equation 4.1. Figure A1.12 shows
the % contribution of [Co""TPPS-SO3]* to those six overlapped fragment ions. The %

contribution values seem to be consistent when increasing the collision voltage.

As a result, the average percentage value of each overlapped fragment ion was
used to divide the overlapped fragment ions to the channels [Co"'TPPS-SOs]* and

[Co"TPPS-SO2]* for the breakdown diagram of the parent ion [Co""TPPS]*-.
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Figure Al1.11 Total relative abundance of the overlapped Fragment ions from
[Co"TPPS-SO3]* and [Co"'TPPS-SO2)*
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Figure A1.12 Relative abundance % contribution from [Co""TPPS-SOs]* to the

overlapped fragment ions

Thus, equation 4.1 was used to assign the appropriate percentage of the six
overlapping channels to the two main fragment ions to produce the breakdown diagram

in Figure A1.13.
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Figure A1.13 Final breakdown diagram for the dissociation of [Co""TPPS]*. (Left: IMS
on; right: IMS off)
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A1l.6 RRKM modeling

To understand CID mass spectra, the breakdown diagrams were modeled by
RRKM theory by using the harmonic vibrational frequencies of [Ni'"TPPS+H]* (see
Table A6.1 in Appendix 6). RRKM theory estimates the theoretical breakdown diagram
by altering the following four parameters: i) the activation energy E,, ii) the first ten
vibrational frequencies of the transition state, iii) the pre-collision internal temperature of
the ions Tj,;, iv) o (Equation 2.7). These four parameters were changed manually until
the best-fitted theoretical breakdown diagram that matches the experimental breakdown
diagram was found (See Figure Al1.14, A1.15 and A1.16). Table Al1.1 contains all the

parameters and results of the RRKM modeling.
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Figure A1.14 RRKM modeling results for the dissociation of [Co""TPPS]* with IMS on
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Figure A1.15 RRKM modeling results for the dissociation of [Co""TPPS]* with IMS off

when keeping T;,,; and a the same with Figure A1.14
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Figure A1.16 RRKM modeling results for the dissociation of [Co""TPPS]* with IMS off
when keeping E, and A*S the same with Figure A1.14
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If the same RRKM parameters T;,; and a are used for modeling the breakdown
diagrams of [Co"'TPPS]® under different experimental conditions (IMS on and off),
activation energy (Eo) and entropy of activation (A*S) will both be different (Table A1.1).
However, Eo and A*S should be constants for a reaction. Therefore, T;,; and « should
be changed in order to model a reaction under different experimental conditions.
Theoretically, RRKM theory can model a breakdown diagram with any T;,; and a in a
certain range, but results in different activation energies and entropies. The problem is
that T;,; and a are unknown.

However, the focus of this study is on the relative activation energies between
the reactions that lose SOz and lose SO: from the parent ion [Co""TPPS]*. As shown in
Table Al.1, SOs loss always requires a higher activation energy than SOz loss. This is
also verified by fitting the breakdown diagram with many random T;,; and a. As a result,
the relative energy of a reaction modeled by RRKM is still trustful even T;,; and a are

unknown. See Chapter 6 for the discussion of the meaning of these activation energies.

Table A1.1 RKKM modeling results for the dissociation of [Co"'TPPS]*

RRKM
Parameters A*S
Parent lon IMS T o Channel Eo (eV) (3.mol KD
(K) | (KeV?h
SOsloss | 1.40 +0.02 2+5
[CO"TPPS]® | On 400 150
SO2loss | 1.33 +0.02 -3+5
SOsloss | 1.40 +0.02 2+5
[CO""TPPS]* | Off 540 170
SO2loss | 1.33 +0.02 -3+5
SOz loss | 1.10 £ 0.02 9+5
[CO""TPPS]® | Off 400 150
SOz loss | 0.98 +0.02 -7+x5
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Appendix 2. RRKM modeling for the dissociation of
[Mn'"TPPS]*

A2.1 ESI-MS of Mn'"TPPS

The mass spectrum of Mn""TPPS (Figure A2.1) shows there are different charge
states of Mn""TPPS in methanol solution, including [Mn"TPPS]?- and [Mn""TPPS+H]?. In
this chapter, the primary focus is to study [Mn""TPPS]*. The peak m/z 327.7 is only
monomer instead of a mix of monomer [Mn""TPPS]® and dimer [(Mn""TPPS)2]%. This
was verified by turning on the ion mobility spectrometry (IMS), which shows no extra

ions could be separated.

The mass spectrum of [Mn""TPPS]®- (Figure A2.2) matches its theoretical isotope

model, so it proves to be a good reactant for ESI-MS/MS experiment.

100- 327 7- [Mn'"TPPSJ*

=2

492.0: [Mn"TPPS+H]J>

D—_ m/z
320 340 360 380 400 420 440 460 480 500 520

Figure A2.1 Mass spectrum of Mn""TPPS
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Figure A2.2 Mass spectrum of [Mn""TPPS]* and its isotope model

A2.2 ESI-MSMS of [Mn""TPPS]*

The CID of [Mn"TPPS]* was selected at m/z 327.7 with the collision voltage
ranging from 4 V to 42 V. Increasing the collision voltage decreases the abundance of
the parent ion [Mn""TPPS]* to the point at which it disappears entirely and only
fragment ions are observed (Figure A2.3). At low collision energy, fragment ions are
only m/z 301.0 and 306.3, but at higher energies, more fragment ions are formed. The
lower half of Figure A2.3 contains all the main fragment ions resulting from the
dissociation of [Mn""TPPS]*-. The m/z of those fragment ions are 275.6, 279.3, 285.0,
288.3, 297.0, 301.0, 306.3, 355.5, 363.5, 367.5, 373.5, 379.0, 381.5, 387.5, 395.5,

405.5, 411.5, 419.5, 427.5, and 451.5.

Figure A2.4 is the breakdown diagram of [Mn""TPPS]? with all the main fragment

ions. They are plotted as a function of center-of-mass collision energy (E.,m), Which is a
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fraction of the laboratory kinetic energy (E;,;) (Equation 2.6). E,,;, equals the collision

voltage Vj,, multiplied by the charge state of [Mn""TPPS]* (Equation 2.5).
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Figure A2.3 CID mass spectra of [Mn""TPPS]?- at different collision voltages
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Figure A2.4 Breakdown diagram of [Mn""TPPS]*- with all the fragment ions
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A2.3 Structure of all the fragment ions

The fragment ions mentioned in the section A2.2 can be calculated
mathematically. For example, the mass spectrum shows that the fragment ion with m/z
301.0 has a -3 charge (Am/z of adjacent peaks at m/z 301.0 is 0.33), so the mass
difference of this fragment ion and the parent ion is 3 x (327.6 — 301.0) = 79.8.
Considering the big porphyrin ring has four benzenesulfonate functional groups that
might lose SOs, the difference of m/z 80.1 should be a neutral SOz, and the fragment
ion m/z 301.0 should be [Mn"TPPS-SOs]*. This result agrees with the mass spectrum
isotope model of [Mn""TPPS-SO3]* from MassLynx (Figure A2.5). In the same manner,
structures of all the fragment ions from the [Mn"'"TPPS]? dissociation were estimated.

Figure A2.6 lists all of them.
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Figure A2.5 Mass spectrum of [Mn""TPPS-SOs]?® and its isotope model
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Figure A2.6 Possible structures of fragment ions from the dissociation of [Mn""TPPS]*

A2.4 In-source-CID-MS/MS and the map of the fragmentation
pathways

There are 20 main fragment ions from the dissociation of [Mn""TPPS]* as
mentioned in section A2.3. However, the pathways that those fragment ions take are
still not clear. Structures of these fragment ions show that all the fragment ions result
from the loss of one or several neutral/negative SO2, SO3, and CsH4O. When the
collision voltage is low, only fragment ions with m/z 301.0 and m/z 306.3 appear. They
are [Mn"TPPS-SOs]*- and [Mn""TPPS-SO:2]%, respectively. This is reasonable
considering that [Mn""TPPS]? has four benzenesulfonate groups, where it can lose

S02/SO3 with enough energy. Also, it seems that the other fragment ions, which appear
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at a higher collision voltage, may all come from the breakup of the two main fragment

ions [Mn"TPPS-SO3]* and [Mn""TPPS-SO2]*.

To verify this assumption, the in-source-CID-MS/MS of [Mn""TPPS-SOs]* and
[MN"TPPS-SO2]* was carried out. The in-source-CID used a high sampling cone
energy of 65 V to break up the parent ion in the source. Then all the negatively charged
fragment ions continued to the quadrupole, where m/z 301.0 or 306.3 was selected and

their CID mass spectra obtained.

Figure A2.7 and A2.8 represent the breakdown diagrams of m/z 301.0 and 306.3
from collision voltage 4 V to 20 V, in which the center-of mass E,,, iS established on
the x-axis (Equation 2.5 and 2.6). There are five overlapped fragment ions present in
both the in-source-CID-MS/MS of m/z 301.0 and m/z 306.3. They are m/z 355.5
(unknown), [MN"TPPS-CeH4SO3-SO3]%, [MN""TPPS-S03-2S02]%, [Mn""TPPS-CsH40-
S0s]?, and [Mn'"TPPS-S03-S02]?. All of the other fragment ions, with exception of m/z
451.5, are only present in the breakdown of either m/z 301.0 or m/z 306.3. See Figure

A2.9 for the dissociation pathways of [Mn'""TPPS]?.

The fragment ion with m/z 451.5 is an independent channel: [SOs] loss from
[Mn"TPPS]? directly. However, this channel is ignored because it has a pretty low
relative abundance (maximum 0.9%) compared with the other two channels, and it only
appears at a high collision energy. Ignoring this channel will not influence the activation

energy calculations of the other two channels.
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Figure A2.7 In-source-CID-MS/MS of [Mn""TPPS-SO3]*
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Figure A2.8 In-source-CID-MS/MS of [Mn""TPPS-SO2]*.
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Figure A2.9 Possible dissociation pathways of [M]*> (where M = Mn""TPPS). All the m/z

of ions are using theoretical values from Figure A2.6, so some of them are a little

different from the experimental m/z.

A2.5 Breakdown Diagram

The dissociation pathways of [Mn""TPPS]? have been evaluated in section A2.4.

All the fragment ions, except for [Mn""TPPS-SQOz3]?, are created by these two channels:

the breakdown of [Mn""TPPS-SO3]* and [Mn""TPPS-SO2]*. However, except that m/z

379.6 was almost 100% from [Mn""TPPS-SOz]*, the division of other five overlapped

fragment ions into these two channels still remains unclear. The total relative
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abundance percent of all the overlapped fragment ions increase from 0 to 33.1% when
increasing the collision energy (Figure A2.10), which is too significant to ignore. The
contribution of [Mn""TPPS-SO3]*" to those five overlapped fragment ions are calculated
by Equation 4.1. Figure A2.11 shows the results of the % contribution of [Mn""TPPS-
SOs]* to those five overlapped fragment ions, which seem to be consistent when
increasing the collision voltage, with exception of m/z 373.5. The fragment ion m/z

373.5 can be ignored because it has a maximum relative abundance of 3.5%.

As a result, the average percentage value of each overlapped fragment ion was
used to divide the overlapped fragment ions to the channels [Mn""TPPS-SOs]* and

[MN"TPPS-SO2]* for the breakdown diagram of the parent ion [Mn""TPPS]?-,
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Figure A2.10 Total relative abundance of the overlapped fragment ions from
[MN"TPPS-SOs]* and [Mn""TPPS-SO2]*
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Figure A2.11 Relative abundance % contribution from [Mn""TPPS-SO3]* to the

overlapped fragment ions.

Thus, equation 4.1 was used to assign the appropriate percentage of the five
overlapping channels to the two main fragment ions to produce the breakdown diagram

in Figure A2.12.
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Figure A2.12 Final breakdown diagram for the dissociation of [Mn""TPPS]*

106



A2.6 RRKM modeling

To understand CID mass spectra, the breakdown diagram was modeled by
RRKM theory by using the harmonic vibrational frequencies of [Mn""TPPS]?* (see Table
A6.1 in Appendix 6). RRKM theory estimates the theoretical breakdown diagram by
altering the following four parameters: i) the activation energy E,, ii) the first ten
vibrational frequencies of the transition state, iii) the pre-collision internal temperature of
the ions Tj,;, iv) o (Equation 2.7). These four parameters were changed manually until
the best-fitted theoretical breakdown diagram that matches the experimental breakdown

diagram was found (Figure A2.13).
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Figure A2.13 RRKM modeling results for the dissociation of [Mn""TPPS]*
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Table A2.1 contains results of the RRKM modeling for the [Mn""TPPS]*

dissociation. See Chapter 6 for the discussion of the meaning of these relative

activation energies.

Table A2.1 RKKM modeling results for the dissociation of [Mn""TPPS]?*

RRKM
Parameters A*S
Parent lon IMS T o Channel Eo (eV) (3.mol K1)
(K) | (Kev?h
SOszloss | 1.60 £0.03 505
[Mn""TPPS]® | On 400 150
SOz loss | 1.33+£0.03 -713x£5
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Appendix 3. RRKM modeling for the dissociation of
[Mn"TPPS+H]*

A3.1 ESI-MS of Mn'"TPPS

As discussed in section A2.1 of Appendix 2, the mass spectrum of Mn"'"TPPS
(Figure A2.1) shows there are different charge states of Mn""TPPS in methanol solution,
including [Mn""TPPS+H]?> and [Mn""TPPS+H]?. At a high concentration (2.5 x 10
mol/L), mass spectrum (MS) shows that m/z 492.0 contains minor monomer
[Mn""TPPS+H]?> and major dimer [(Mn""TPPS+H)2]* (Figure A3.1). At a low
concentration (1.0 x 10 mol/L), ion mobility spectrometer shows that m/z 492.0
composed of minor monomer [Mn""TPPS]? and major monomer [Mn""TPPS+H]? (Figure
A3.2). The primary focus in this chapter is to study monomer [Mn""TPPS+H]%.
Therefore, a low concentrated Mn'""TPPS solution was used for the following ESI-
MS/MS experiment. Since peak m/z 492.0 is a mixture, ion mobility separation (IMS)

has to be turned on to obtain pure [Mn""TPPS+H]?.
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Figure A3.1 Mass spectrum at m/z 492.0 of high concentrated Mn""TPPS (2.5 x 10

mol/L). The majority of the solution at m/z 492.0 is made out of dimer

[(MN"TPPS+H)2]*.
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Figure A3.2 Mass spectrum at m/z 492.0 of low concentrated Mn""TPPS (1 x 10°
mol/L). The majority of the solution at m/z 492.0 is made out of monomer
[Mn'"TPPS+H]?.

A3.2 ESI-MSMS of [Mn""TPPS+H]*

The CID of [Mn""TPPS+H]? was selected at m/z 492.0 with the collision voltage
ranging from 4 V to 50 V. Increasing the collision voltage have the effect of decreasing
the abundance of the parent ion [Mn""TPPS+H]? to the point at which it disappears
entirely and only fragment ions are observed (Figure A3.3). At low collision energy,
fragment ions are m/z 452.0 and 460.0, but at higher energies, more fragment ions are
formed. The lower half of Figure A3.3 contains all the main fragment ions resulting from
the dissociation of [Mn""TPPS+H]?. The m/z of those fragment ions are 412.0, 420.0,
428.0, 446.0, 452.0 and 460.0.
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Figure A3.4 is the breakdown diagram of [Mn""TPPS+H]? with all the main
fragment ions. They are plotted as a function of center-of-mass collision energy (E.om),
which is a fraction of the laboratory kinetic energy (E,,;) (Equation 2.6). E,;;, equals the

collision voltage Vi,;, multiplied by the charge state of [Mn""TPPS+H]? (Equation 2.5).
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Figure A3.3 CID mass spectra of [Mn""TPPS+H]? at different collision voltages
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Figure A3.4 Breakdown diagram of [Mn""TPPS+H]? with all the fragment ions
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A3.3 Structure of all the fragment ions

The fragment ions mentioned in the section A3.2 can be calculated
mathematically. For example, the mass spectrum shows that the fragment ion with m/z
452.0 has a -2 charge (Am/z of adjacent peaks at m/z 452.0 is 0.5), so the mass
difference of this fragment ion and the parent ion is 2 x (492.0 — 452.0) = 80.0.
Considering the big porphyrin ring has four benzenesulfonate functional groups that
might lose SOs, the difference of m/z 80.0 should be a neutral SOz, and the fragment
ion m/z 452.0 should be [Mn"TPPS+H-SO3]?. This result agrees with the mass
spectrum isotope model of [Mn""TPPS+H-SOz3]? from MassLynx (Figure A3.5). In the
same manner, structures of all the fragment ions from the [Mn""TPPS+H]? dissociation

were estimated. Figure A3.6 lists all of their structures.
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Figure A3.5 Mass spectrum of [Mn""TPPS+H-SOs]? and its isotope model
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Figure A3.6 Possible structures of fragment ions from the [Mn""TPPS+H]? dissociation
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A3.4 In-source-CID-MS/MS and the map of the fragmentation
pathways

There are six main fragment ions from the dissociation of [Mn""TPPS+H]? as
mentioned in section A3.3. However, the pathways that those fragment ions take are
still not clear. Structures of these fragment ions show that all the fragment ions result
from the loss of one or several neutral SO2, SOs, and CsH4O. When the collision voltage
is low, only fragment ions with m/z 452.0 and m/z 460.0 appear. They are
[MN"TPPS+H-S0z]?> and [Mn""TPPS+H-S0O:]%, respectively This is reasonable
considering that [Mn"TPPS+H]?> has four benzenesulfonate groups, which can lose
S0O2/S0s. Also, it seems that the other fragment ions, which appear at a higher collision
voltage, may all come from the breakup of the two main fragment ions [Mn""TPPS+H-

SO and [Mn""TPPS+H-S02]%.

To verify this assumption, the in-source-CID-MS/MS of [Mn""TPPS+H-SO3]* and
[MN"TPPS+H-S0O2]?> was carried out. The in-source-CID used a high sampling cone
energy of 65 V to break up the parent ion in the source. Then all the negatively charged
fragment ions continued to the quadrupole, where m/z 452.0 or 460.0 were selected

and their CID mass spectra obtained.

Figure A3.7 and A3.8 represent the breakdown diagrams of m/z 452.0 and m/z
460.0 from collision voltage 15 V to 29 V, in which the center-of mass E.,, iS
established on the x-axis (Equation A3.1). There is only one overlapped fragment ion
present in both the in-source-CID-MS/MS of m/z 452.0 and 460.0. It is [Mn""TPPS+H-
S03-S02J%. All of the other fragment ions only present in the breakdown of either m/z

452.0 or 460.0. See Figure A3.9 for the dissociation pathways of [Mn""TPPS+H]*.

115



100%

80%

60%

40%

20%

Relative Abundance

0%
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Figure A3.9 Possible dissociation pathways of [Mn""TPPS+H]?*

A3.5 Breakdown Diagram

The dissociation pathways of [Mn""TPPS+H]?> have been evaluated in section
A3.4. All the fragment ions, except for [Mn""TPPS+H-S03-S02]*, come from these two
channels: [Mn""TPPS+H-S03]? and [Mn""TPPS+H-SO2]>. The contribution of these two
channels to the overlapped fragment ion [Mn""TPPS+H-SO3-SO2]? are pretty similar, so

half of it was divided to each channel. Figure A3.10 the final breakdown diagram.
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Figure A3.10 Final breakdown diagram for the dissociation of [Mn""TPPS+H]*
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A3.6 RRKM modeling

To understand CID mass spectra, the breakdown diagram was modeled by
RRKM theory by using the harmonic vibrational frequencies of [Mn""TPPS+H]?* (see
Table A6.1 in Appendix 6). RRKM theory estimates the theoretical breakdown diagram
by altering the following four parameters: i) the activation energy E,, ii) the first ten
vibrational frequencies of the transition state, iii) the pre-collision internal temperature of
the ions T,,;, and iv) a (Equation 2.7). These four parameters were changed manually
until the best-fitted theoretical breakdown diagram that matches the experimental

breakdown diagram was found (Figure A3.11).
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Figure A3.11 RRKM modeling results for the dissociation of [Mn""TPPS+H]*

Table A3.1 contains results of the RRKM modeling for the [Mn""TPPS+H]*
dissociation. See Chapter 6 for the discussion of the meaning of these activation

energies.
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Table A3.1 RKKM modeling results for the dissociation of [Mn""TPPS+H]*

RRKM
Parameters Eo Entropy
Parent lon IMS T . Channel ev) (J.mol K1)
(K) | (KeV?Y
SOsloss | 2.56 +£0.10 106 + 15
[MN""TPPS+H]> | On 400 150
SO2loss | 2.23+0.10 63 + 15
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Appendix 4. RRKM modeling for the dissociation of
[Fe'TPPS+H]*

A4.1 ESI-MS of Fe'"TPPS

The mass spectrum of Fe'"TPPS (Figure A4.1) shows there are different charge
states of Fe''TPPS in methanol solution, including [Fe'"TPPS]*, [Fe!'TPPS+H]*, and
[Fe'"TPPS+2H]?. The one of interest is [Fe''TPPS+H]*, which is only monomer, instead
of a mix of monomer [Fe'"TPPS+H]*- and dimer [(Fe'""TPPS)2+2H]®. This was verified by
turning on the ion mobility spectrometry (IMS), which showed no extra ions could be

separated.

The mass spectrum of [Fe'"TPPS+H]? (Figure A4.2) doesn't totally agree with its
theoretical isotope model, because some [Fe'"TPPS+H]* ions lose one proton, and
some even lose 2 protons. That’s why the peak m/z 328.4 shift to 328.0 (1 H loss) and
327.7 (2 H loss). In addition, H loss was also found in the ESI-MS/MS experiment. See

Figure A4.9 for details.
100+ 328.3: [Fe'TPPS+H]*

_1246.0: [Fe'TPPS]+

493 0: [Fe"TPPS\+2H]2-

miz
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Figure A4.1 Mass spectrum of Fe'"TPPS
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Figure A4.2 Mass spectrum of [Fe'"TPPS+H]* and its isotope model

A4.2 ESI-MSMS of [Fe'TPPS+H]*

The CID of [Fe'"TPPS+H]*- was selected at m/z 328.3 with the collision voltage
ranging from 4 V to 23 V. Increasing the collision voltage decreases the abundance of
the parent ion [Fe'"TPPS+H]* to the point at which it disappears entirely and only
fragment ions are observed (Figure A4.3). At low collision energy, fragment ions are m/z
301.7 and 306.7, but at higher collision energies, more fragment ions are formed. The
lower half of Figure A4.3 contains all the main fragment ions resulting from the
dissociation of [Fe'"TPPS+H]*". The m/z of those fragment ions are 280.4, 285.4, 288.7,

297.3, 301.6, 306.7, 374.0, 380.5, 388.5, 406.0, 412.5, 420.5, and 452.5.

Figure A4.4 represents the breakdown diagram of [Fe'"TPPS+H]*- with all the
main fragment ions. They are plotted as a function of center-of-mass collision energy

(E.om), Which is a fraction of the laboratory kinetic energy (E,,;,) (Equation 2.6). E;,;

121



equals the collision voltage V;,;, multiplied by the charge state of [Fe'TPPS+H]*

(Equation 2.5).
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Figure A4.3 CID mass spectra of [Fe''TPPS+H]?* at different collision voltages
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Figure A4.4 Breakdown diagram of [Fe'"TPPS+H]? with all the fragment ions
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A4.3 Structure of all the fragment ions

The fragment ions mentioned in the section A4.2 can be calculated
mathematically. For example, the mass spectrum shows that the fragment ion with m/z
301.7 has a -3 charge (Am/z of adjacent peaks at m/z 301.7 is 0.33), so the mass
difference of this fragment ion and the parent ion is 3 x (328.3 — 301.7) = 79.8.
Considering the big porphyrin ring has four benzenesulfonate functional groups that
might lose SOs, the difference of m/z 80.1 should be a neutral SOz, and the fragment
ion m/z 301.7 should be [Fe'"TPPS+H-SOs]*. This result agrees with the mass spectrum

isotope model of [Fe'"TPPS+H-SOs]* from MassLynx (Figure A4.5).

In the same manner, structures of all the fragment ions from the [Fe''TPPS+H]*
dissociation were estimated. The fragment ions (see Figure A4.6) with theoretical m/z
285.7, 297.7, 307.0, 374.5, and 406.5 were observed to be 285.4, 297.3, 306.7, 374.0,

and 406.0, respectively. This is because of one H loss from these fragment ions.
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Figure A4.5 Mass spectrum of [Fe'"TPPS+H-SOs]* and its isotope model
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Figure A4.6 Possible structures of fragment ions from the [Fe'"TPPS+H]* dissociation

A4.4 In-source-CID-MS/MS and the map of the fragmentation
pathways

There are 13 main fragment ions from the dissociation of [Fe'"TPPS+H]* as
mentioned in section A4.3. However, the pathways that those fragment ions take are
still not clear. Structures of these fragment ions show that all the fragment ions result
from the loss of one or several neutral/negative SO2, SOs, and CsH4O. When the
collision voltage is low, only fragment ions m/z 301.7 and m/z 306.7. They are
[Fe'"TPPS+H-SOs]* and [Fe!'TPPS+H-SO2]%, respectively. Also, it seems that the other
fragment ions, which appear at a higher collision voltage, may all come from the

breakup of the two main fragment ions [Fe'"TPPS+H-SOz]* and [Fe'"TPPS+H-SO2]*.

To verify this assumption, the in-source-CID-MS/MS of [Fe!"TPPS+H-SO3]* and
[Fe'"TPPS+H-SO:]* was carried out. The in-source-CID used a high sampling cone

energy of 52 V to break up the parent ion in the source. Then all the negatively charged
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fragment ions continued to the quadrupole, where m/z 301.7 or 306.7 were selected

and their CID mass spectra were obtained.

Figure A4.7 and A4.8 represents the breakdown diagrams of m/z 301.7 and m/z
306.7 from collision voltage 4 V to 22 V, in which the center-of mass E_,,, is established
on the x-axis (see Equation 2.5 and 2.6). There are five overlapped fragment ions
present in both the in-source-CID-MS/MS of m/z 301.7 and m/z 306.7. They are
[Fe'TPPS+H-2S03-CeHa]?, [Fe'TPPS+H-2S03-SO2]%, [Fe'"TPPS+H-S03-2S02]%,
[Fe'"TPPS+H-S03-CeH40]%, and [Fe'"TPPS+H-S03-S02)%. All of the other fragment
ions, with exception of m/z 452.5, are only present in the breakdown of either m/z 301.7

or m/z 306.7. See Figure A4.9 for the dissociation pathways of [Fe''"TPPS+H]*-.

Fragment ion with m/z 452.5 is an independent channel: [SOs] loss from
Fe'TPPS+H]* directly. However, this channel is ignored because it has a pretty low
relative abundance (maximum 3.28%) compared with the other two channels, and it
only appear at a high collision energy. Ignoring this channel will not influence the

activation energy calculations of the other two channels.
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Figure A4.7 In-source-CID-MS/MS of [Fe'TPPS+H-SOs]*
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Figure A4.8 In-source-CID-MS/MS of [Fe''TPPS+H-SO2]*. Fragment ions with m/z
306.7 are [Fe'"TPPS-SO2]* instead of [Fe''TPPS+H-SO2]*.
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Figure A4.9 Possible dissociation pathways of [M]*- (where M = Fe'TPPS+H). H loss
from ions labeled in bold are pretty common, and this leads to the difference between

the theoretical m/z in this figure and experimental m/z.

A4.5 Breakdown Diagram

The dissociation pathways of [Fe'"TPPS+H]* have been evaluated in section
A4.4. All the fragment ions, except for [Fe'"TPPS+H-S0z]%, are created by these two
channels: the breakdown of [Fe'"TPPS+H-SOs]* and [Fe'"TPPS+H-SO2]*. However, the
division of those five fragment ions still remains unclear. The total relative abundance
percent of all the overlapped fragment ions increase from 0 to 51.2% when increasing
the collision energy (Figure A4.10), which is too significant to ignore. The % contribution
of [Fe'"TPPS+H-SOs3]* to those five overlapped fragment ions are calculated by
Equation 4.1. Figure A4.11 shows the % contribution of [Fe'"TPPS+H-SOs]* to those

five overlapped fragment ions. Except for m/z 374.0, the % contribution of [Fe'"TPPS+H-
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SOs]* seems to be consistent when increasing the collision voltage. However, the
maximum relative abundance of m/z 374.0 is 3.4% (Figure A4.12), so its influence on

the breakdown can be ignored.

As a result, the average percentage value of each overlapped fragment ion was
used to divide the overlapped fragment ions to the channels [Fe'"TPPS+H-SO3]* and

[Fe'"TPPS+H-SO2]* for the breakdown diagram of the parent ion [Fe''TPPS+H]*-.

60%

45% °

30% °

15% '

Relative Abundance

0% oooooooo!".

0.4 0.8 1.2 1.6 2.0 2.4
Ecom (eV)

Figure A4.10 Total Relative abundance of the overlapped fragment ions from both
[Fe'"TPPS+H-SOs]* and [Fe''TPPS+H-SO2]*

129



100%

(D]
S 80%
[
2 374.0
S 60% ——3/4.
2 »-380.5
2 40% + 3885
S 20% 406.0
8 —e—420.0

0%

04 08 1.2 1.6 2 2.4

Ecom (eV)

Figure A4.11 Relative abundance % contribution from [Fe'"TPPS+H-SO3]* to the

overlapped fragment ions

Thus, equation 4.1 was used to assign the appropriate percentage of the five
overlapping channels to the two main fragment ions to produce the breakdown diagram

in Figure A4.12.

100% o o o , [FE'TPPS+HJ*
.

§ . SOsloss
T 80% . s ® 0 o o
2 . a *
s 60% . .
2 ® -

0 -
.g 40% a "’ a SO2loss
B 20% P FE R
o) s ® -
[nd a B ¥ -

0% & & & & 7 ® 2 90 0 0

0.4 0.8 1.2 1.6 2 2.4

Ecom (eV)

Figure A4.12 Final breakdown diagram for the dissociation of [Fe'"TPPS+H]*
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A4.6 RRKM modeling

To understand CID mass spectra, the breakdown diagram was modeled by

RRKM theory by using the harmonic vibrational frequencies of [Fe'"TPPS+H]* (see

Figure A6.1). Figure A4.13 shows the theoretical RRKM modeling and experimental

breakdown diagram. They do not match each other pretty well when Ecom becomes

bigger than 2.2 eV. This should be caused by the following reasons:

a)

b)

The relative abundance of each fragment ion is not accurate. As shown in Figure
A4.9, H loss are common among almost all the fragment ions, what makes any
m/z peak of a fragment ion obtained from the MS/MS cannot totally represent its
real abundance. As a result, the relative abundance of each fragment ion is
inaccurate.

H loss might happened before SO2 loss from the parent ion. Figure A6.3 (see
Chapter 6) shows that the peak for [Fe'"TPPS-SO2]* is much more significant
than [Fe'"TPPS+H-SO:2)?. If this assumption is correct, the SO: loss channel
should be changed to H loss channel, and the H loss before SOs loss should also
be considered.

The division of fragment ions to channels of SO2 and SOs loss might not be
accurate. Because ESI-MS/MS and in-source-CID-MS/MS were not in totally the

same experimental condition.
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Figure A4.13 RRKM modeling results for the dissociation of [Fe'TPPS+H]*

Table A4.1 contains all the parameters and results of the RRKM modeling. As
mentioned in Chapter 2 section 2.3, E, and A*S represent the activation energy and
entropy of activation, respectively. T;,; is the pre-collision internal temperature of the
ions. a represents the influence of the center-of-mass collision energy E.,,,, on the post-

collision effective temperature Te.

Table A4.1 RKKM modeling results for the dissociation of [Fe!'TPPS+H]*

RRKM
Parameters Eo Entropy
Parent lon IMS T o Channel (eV) (J.mol'K1)
(K) (K-eV?)

SOsloss | 0.80+0.10 -81 +15
SOzloss | 0.55+0.10 -132 + 15

[Fe'TPPS+H]> | Off | 400 | 150
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Appendix 5. RRKM modeling for the dissociation of
[Fe'TPPS+2H]*

A5.1 ESI-MS of Fe'"TPPS

As discussed in section A4.1 of Appendix 4, the mass spectrum of Fe!'TPPS
shows that there are different charge states of Fe'"TPPS in a methanol solution,
including [Fe'"TPPS]*, [Fe'"TPPS+2H]%, and a minimal amount of [Fe'"TPPS+2H]%. In
this chapter, the primary focus is to study [Fe''TPPS+2H]%>. Mass spectrum (MS) (Figure
A5.1) shows that the peak m/z 493.0 is a mix of monomer [Fe'"TPPS+2H]> and dimer
[(Fe'"TPPS)2+4H]*. When selecting Fe''TPPS at m/z 493.0 by quadrupole and then
separating it by ion mobility separation (IMS), IMS shows that m/z 493.0 contains a
large abundance of both monomer and dimer in high concentration (2.5 x 104 mol/L),
but for the vast majority it is composed of monomer at low concentration (0.5 x 10

mol/L) (Figure A5.1).

In order to achieve good concentration of monomer [Fe!'TPPS+2H]? all while
protecting the instrument, a low concentrated Fe'"TPPS solution was used for the
following ESI-MS/MS experiment. Figure A5.2 describes the mass spectrum of
monomer after they were separated by IMS. In general, this figure coincides with its
isotope model pretty well with the exception of the small peak at 492.6 (corresponding

[Fe'TPPS+H]?).
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Figure A5.1 lon mobility spectrometry of Fe'TPPS at high (2.5 x 10 mol/L) and low
(0.5 x 10" mol/L) concentration
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Figure A5.2 Mass spectrum of monomer [Fe'"TPPS+2H]? and its isotope model
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A5.2 ESI-MS/MS of [Fe''TPPS+2H]*

The CID of [Fe'"TPPS+2H]?> was selected at m/z 493.0 with the collision voltage
ranging from 4 V to 62 V. Increases of the collision voltage have the effect of breaking
up the parent ion [Fe'"TPPS+2H]? to the point at which it disappears entirely and only
fragment ions are observed (Figure A5.4). At low collision energy, fragment ions are
only m/z 453.1 and 461.2, but at higher collision energies, more fragment ions are
formed. The lower half of Figure A5.3 contains all the main fragment ions resulting from
the dissociation of [Fe'"TPPS+2H]?. The m/z of those fragment ions are 381.2, 389.2,
406.7,413.2,421.2, 429.1, 446.1, 453.1, 461.2, 669.3, 682.4, 698.4, 714.4, 733.3,

746.3, 762.3, 778.3, 813.3, 826.3, 842.3, and 905.3.

Figure A5.4 represents the breakdown diagram of [Fe'"TPPS+2H]? with all the
main fragment ions. They are plotted as a function of center-of-mass collision energy
(Ecom), Which is a fraction of the laboratory kinetic energy (E,,;,) (Equation 2.6). E,,,
equals the collision voltage V;,, multiplied by the charge state of [Fe!'TPPS+2H]*

(Equation 2.5).
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Figure A5.3 CID mass spectra of [Fe'"TPPS+2H]? at different collision voltages. (There
is no space in the MS to display the intensities of the following peaks with m/z: 389.2,
406.7, 429.1, 446.1, 669.3, and 682.4)
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Figure A5.4 Breakdown diagram of [Fe'"TPPS+2H]? with all the fragment ions
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A5.3 Structure of parent and fragment ions

There are two possible structures of the parent ion [Fe'"TPPS+2H]? (Figure
A5.5). To know which structure is preferred, molecular simulations were performed to
investigate the minimum energy state by using a B3-LYP/6-31G(d, p)+LANL2DZ//PM7
basis set, which was a combination of the 6-31G(d, p) basis set and the LANL2DZ
effective core basis set. Molecular simulations show that the structure with two —SOsH
functional groups at opposite positions is 0.16 eV lower in energy, compared with the
structure with two —SOsH functional groups at adjacent positions. Therefore, the parent
ion [Fe'"TPPS+2H]? should have a structure with —SOsH functional groups in opposite

positions.

HO_ ,O O,

N, N3

,0 HO_ ,0 0. OH

N

o X0 O/, \OH o o O/, \O_

Opposite Adjacent

Figure A5.5 Possible structures of [Fe''TPPS+2H]?: a) structure with two —SOsH
functional groups in opposite positions, b) structure with two —SOsH functional groups in

adjacent positions.

The structure of fragment ions mentioned in the section A5.2 can be calculated
mathematically. For example, the mass spectrum shows that the fragment ion with m/z

453.1 has a -2 charge (Am/z of adjacent peaks at m/z 453.1 is 0.5), so the mass
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difference of this fragment ion and the parent ion is 2 x (493.1 — 453.1) = 80.0.
Considering that the big porphyrin ring has four benzenesulfonate functional groups that
might lose SOs, the difference of m/z 80.0 should be a neutral SOs, and the fragment
ion m/z 453.1 should be [Fe'"TPPS+2H-SOs]?. This result agrees with the mass
spectrum isotope model of [Fe''TPPS+2H-S0z]? from MassLynx (Figure A5.6). In the
same manner, structures of all the fragment ions from [Fe'"TPPS+2H]? dissociation

were estimated. Figure A5.7 lists all of them.
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Figure A5.6 Mass spectrum of [Fe'"TPPS+2H-SO3]? and its isotope model
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Figure A5.7 Possible structures of fragment ions from the [Fe'"TPPS+2H]? dissociation.

140



A5.4 In-source-CID-MS/MS and the map of the fragmentation
pathways

There are 21 main fragment ions from the dissociation of [Fe'"TPPS+2H]* as
mentioned in section A5.3. However, the pathways that these fragment ions take are
still not clear. Structures of these fragment ions shows that all the fragment ions result
from the loss of one or several neutral/negative SO2, SO3, and CsH4O. When the
collision voltage is low, only fragment ions with m/z 453.1 and 493.1 appear. They are
[Fe'"TPPS+2H-SOs]? [Fe''TPPS+2H-S0:2)%, respectively. This is reasonable considering
that [Fe'"TPPS+2H]? has four benzenesulfonate groups, where it can lose SO2/SOz with
enough energy. Also, it seems that the other fragment ions, which appear at a higher
collision voltage, may all come from the breakup of the two main fragment ions

[Fe'"TPPS+2H-SO3]> and [Fe'"TPPS+2H-SO2]?.

To verify this assumption, the in-source-CID-MS/MS of [Fe!'TPPS+2H-S0s3]> and
[Fe'"TPPS+2H-S0O2]> was carried out. It must be noted that the selected ions should be
m/z 453 and 461, instead of 452.5 and 460.5, for [Fe'"TPPS+2H]?> (Figure A5.8). The
m/z for [Fe'"TPPS+2H]? and [Fe'"TPPS+H]?* are both correct, so the instrument error
can be ruled out. It should be caused by one hydrogen loss from [Fe'"TPPS+2H]? during
the in-source-CID. 65 eV cone voltage in the source might be enough to make H loss

happen.
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Figure A5.8 In-source-CID-MS of FeTPPS

The in-source-CID used a high sampling cone energy of 65 V to break up the
parent ion in the source. Then all the negatively charged fragment ions continued to the
quadrupole, where m/z 452.5 or 460.5 were selected and their CID mass spectra

obtained.

Figure A5.9 and A5.10 represents the breakdown diagrams of m/z 452.5 and m/z
460.5 from collision voltage 12 V to 32 V, in which the center-of-mass E,, is
established on the x axis (see Equation 2.5 and 2.6). There are ten overlapped
fragment ions present in both the in-source-CID-MS/MS of m/z 452.5 and m/z 460.5.
They are [Fe'TPPS+2H-S03-2S02]%, [Fe'TPPS+2H-S03-CsH40]?, [Fe'TPPS+2H-SOs-
S02J%, [Fe'"TPPS+2H-2503-2S0;], [Fe!'TPPS+2H-S03-3S02], [Fe'TPPS+2H-2S0s-
CsH40]%, [Fe'TPPS+2H-2S03- SO2J, [Fe'TPPS+2H-S03-2S02]", [Fe'TPPS+2H-CsH40-

SOg3], and [Fe'"TPPS+2H-S0s3-SO2] . All of the other fragment ions, with the exception of
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m/z 906.3, are only present in the breakdown of either m/z 452.5 or m/z 460.5. See

Figure A5.11 for the dissociation pathways of [Fe'"TPPS+2H]?.

The fragment ion with m/z 906.3 is an independent channel: [SOz] loss from
Fe''TPPS+2H]? directly. However, this channel is ignored because it has a pretty low
relative abundance (maximum 0.93%) compared to the other two channels, and it only
appears at a high collision energy. Ignoring this channel will not influence the activation

energy calculations of the other two channels.
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Figure A5.9 In-source-CID-MS/MS of [Fe''TPPS+2H-SOz]*
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Figure A5.11 Possible dissociation pathways of [M]> (where M = Fe'"TPPS+2H). All the
m/z of ions are using theoretical values from Figure A5.7, so some of them are a little

different from the experimental m/z. The boxes with light dark background represent

overlapped fragment ions. Arrow with dash line means that it is a several steps reaction

(There is no space for fragment with m/z 447.0, which should be between m/z 461.0
and 407.0/814.0).

144




A5.5 Breakdown Diagram

The dissociation pathways of [Fe'"TPPS+2H]? have been evaluated in section
A5.4. All the fragment ions, except for [Fe'"TPPS+2H-SOs]%, are created by these two
channels: the breakdown of [Fe'"TPPS+2H-S0z3]*> and [Fe'"TPPS+2H-SO2]>. However,
the division of those ten overlapped fragment ions into these two channels still remains
unclear. The total relative abundance percentage of all the overlapped fragment ions
increases from 0 to 43.8% when increasing the collision energy (Figure A5.12), which is
too significant to ignore. The contribution of [Fe'"TPPS+2H-SOs3]? to these four

overlapped fragment ions are calculated by Equation 4.1.

Figure A5.13 shows the % contributions of [Fe'"TPPS+2H-SOs]? to those ten
overlapped fragment ions. In general, the % contributions are consistent when
increasing the collision voltage. As a result, the average percentage value of each
overlapped fragment ion was used to divide the overlapped fragment ions to the
channels [Fe'"TPPS+2H-S0s]? and [Fe'"TPPS+2H-SO:2]* for the breakdown diagram of

the parent ion [Fe'"TPPS+2H]%.
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0% @ 2000000000000 e
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Figure A5.12 Total relative abundance of the overlapped fragment ions from both
[Fe'"TPPS+2H-SOs]* and [Fe'"TPPS+2H-SO2)*
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Figure A5.13 Relative abundance % contribution from [Fe'"TPPS+2H-SOs]? to the

overlapped fragment ions

Thus, equation 4.1 was used to assign the appropriate percentage of the ten
overlapping channels to the two main fragment ions to produce the breakdown diagram

in Figure A5.14.
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Figure A5.14 Final breakdown diagram for the dissociation of [Fe'"TPPS+2H]*
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A5.6 RRKM modeling

RRKM theory was applied to model the dissociation of [Fe'"TPPS+2H]? in order
to obtain meaningful relative energies by using the harmonic vibrational frequencies of
[Fe'"TPPS+2H]?* (see Table A6.1 in Appendix 6). Figure A5.15 shows that the
theoretical RRKM modeling and experimental breakdown diagram. They match each
other pretty well, but RRKM cannot model the end of those two channels. This can be
ignored for the following two reasons:

a) Many news fragment ions, that only appeared at a low abundance when E_,,
became high, were not accounted.

b) The division of fragment ions to those two channels might not be accurate
because ESI-MS/MS and in-source-CID-MS/MS were in different experimental
condition, and the real contribution of those channels to the overlapped fragment

ions are changing slightly with the increase of E.yp,-
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Figure A5.15 RRKM modeling results for the dissociation of [Fe'"TPPS+2H]*
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Table A5.1 contains all the parameters and results of the RRKM modeling. As

these parameters.

mentioned in section 2.3, E, and A*S represent the activation energy and entropy of
activation, respectively. Ty,; is the pre-collision internal temperature of the ions. a
represents the influence of the center-of-mass collision energy E.,,, on the post-

collision effective temperature T.¢. See Chapter 6 for the discussion of the meaning of

Table A5.1 RKKM modeling results for the dissociation of [Fe''TPPS+2H]?*

RRKM
Parameters Eo A*S
Parent lon IMS T o Channel eV) (J.mol K1)
(K) | (Kevh
SOs loss 1.47 £0.01 -48 + 5
[Fe'"TPPS+2H]?> | On 400 150
SOz loss 1.49 +£0.01 -57+5
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Appendix 6. Tables

Table A6.1 Harmonic vibrational frequencies of [Ni'"TPPS+H]*, [Co""TPPS]?,
[Mn'""TPPS]*, [MN'"TPPS+H]?, [Fe!'TPPS+H]*, and [Fe'"TPPS+2H]? for modeling their

breakdown diagrams

Harmonic vibrational frequencies (cm)

[NI"TPPS+H]*

6.67, 8.27, 8.48, 8.83, 12.43, 13.17, 15.93, 16.87, 17.77, 21.82, 25.49, 28.38,
31.29, 32.65, 34.02, 44.77, 60.23, 75.93, 78.24, 85.70, 89.04, 95.20, 105.01,
107.82, 109.35, 126.26, 129.19, 134.52, 137.50, 143.57, 147.78, 150.62, 158.36,
168.42, 188.55, 194.86, 200.46, 208.57, 214.93, 225.23, 235.50, 248.34, 257.07,
267.79, 272.60, 274.85, 280.55, 289.82, 294.34, 300.01, 313.80, 317.78, 321.77,
323.01, 326.63, 330.17, 333.23, 337.16, 341.34, 347.70, 347.99, 348.85, 355.48,
359.97, 364.19, 380.42, 397.42, 422.64, 428.23, 431.78, 433.79, 439.87, 443.28,
462.20, 463.46, 467.42, 468.47, 469.68, 474.05, 474.91, 483.24, 486.38, 514.35,
533.99, 544.73, 553.32, 553.85, 567.47, 571.46, 572.60, 576.50, 582.11, 582.79,
590.05, 599.77, 602.45, 604.37, 607.29, 608.75, 610.89, 612.80, 625.35, 667.72,
675.55, 679.57, 680.64, 711.14, 718.36, 720.67, 725.95, 729.56, 731.77, 744.22,
747.05, 749.87, 761.95, 796.72, 799.05, 823.24, 846.51, 864.17, 864.78, 866.72,,
870.11, 872.22, 872.88, 877.76, 878.45, 878.83, 879.74, 880.49, 891.37, 898.70,
908.64, 912.30, 927.97, 929.74, 936.16, 936.86, 939.32, 941.76, 943.93, 956.36,
970.40, 971.17, 971.27, 972.97, 975.30, 975.73, 975.89, 982.08, 986.34, 995.70,
1001.55, 1017.02, 1017.63, 1055.33, 1063.10, 1063.61, 1063.94, 1064.21,
1064.91, 1065.45, 1067.50, 1087.69, 1088.97, 1089.34, 1089.41, 1090.84,
1097.06, 1109.82, 1115.51, 1124.20, 1127.96, 1130.65,1132.45, 1146.86,
1154.36, 1163.96, 1176.92, 1182.35, 1189.57, 1207.91, 1210.75, 1211.25,
1214.18, 1214.69, 1214.94, 1215.43, 1215.70, 1226.70, 1253.14, 1257.22,
1261.21, 1281.77, 1282.03, 1282.43, 1284.89, 1288.09, 1292.51, 1315.29,
1340.15, 1344.61, 1357.51, 1359.22, 1365.11, 1372.33, 1376.97, 1410.30,
1422.44, 1431.46, 1453.04, 1454.22, 1454.55, 1464.83, 1496.80, 1509.31,
1518.79, 1521.78, 1524.47, 1539.39, 1550.68, 1564.73, 1578.90, 1581.26,
1587.33, 1611.29, 1619.32, 1621.64, 1623.08, 1632.92, 1647.37, 1647.72,
1649.30, 1649.91, 1658.97, 1678.02, 1745.89, 1749.99, 2487.52, 2725.89,
2726.65, 2729.70, 2730.16, 2730.39, 2731.59, 2732.44, 2732.83, 2754.21,
2757.13, 2759.18, 2759.61, 2760.17, 2762.12, 2762.62, 2762.82, 2765.49,
2765.96, 2770.87, 2772.56, 2782.49, 2783.72, 2783.80, 2785.60

[Co"TPPS]*

5.82,5.96, 6.52, 6.57, 7.06, 14.68, 16.47, 17.82, 17.83, 25.52, 28.64, 28.69, 34.88,
39.79, 42.40, 42.46, 64.42, 68.45, 71.39, 87.66, 87.73, 89.50, 99.67, 99.72,
108.61, 113.83, 116.54, 127.31, 139.22, 141.14, 141.15, 155.80, 155.90, 185.64,
194.27,194.27, 205.01, 217.71, 224.23, 224.30, 224.33, 241.22, 249.57, 258.07,
258.09, 266.92, 292.04, 298.48, 300.64, 300.65, 313.27, 313.28, 324.51, 326.27,
329.78, 329.85, 332.72, 332.82, 343.84, 343.86, 346.75, 347.25, 347.81, 347.85,
355.41, 397.42, 409.36, 409.36, 418.81, 426.78, 430.96, 430.99, 431.73, 462.11,
464.54, 464.60 , 464.94, 466.88, 469.96, 476.15, 476.19, 505.59, 525.60, 525.62,
539.04, 560.28, 560.40, 562.67, 572.14, 576.17, 578.66, 578.74, 583.36, 604.27,
604.27, 605.27, 605.36, 607.81, 609.32, 609.32, 613.12, 668.83, 671.87, 671.88,
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676.74, 703.06, 713.89, 713.90, 721.80, 727.38, 737.08, 737.08, 744.62, 747.08,
763.58, 763.58, 775.33, 857.35, 867.21, 867.22, 869.03, 871.47, 873.71, 874.44,
874.49, 876.22, 877.64, 877.69, 888.16, 889.69, 889.74, 890.03, 890.97,934.66,
935.02, 935.03, 938.35, 943.22, 943.78, 943.81, 944.30, 970.53, 971.63, 971.65,
971.71, 971.74, 975.23, 975.25, 976.14, 976.62, 977.35, 977.36, 982.33, 1055.88,
1058.05, 1058.07, 1059.49, 1070.42, 1070.89, 1070.97, 1071.75, 1074.66,
1075.38, 1075.57, 1076.28, 1081.36, 1092.37, 1092.38, 1099.99, 1104.53,
1104.59, 1104.63, 1104.97, 1115.44, 1117.19, 1117.19, 1119.32, 1172.68,
1174.34,1174.35, 1174.83, 1208.73, 1214.19, 1214.22, 1214.23, 1214.52,
1218.14, 1218.15, 1219.56, 1220.79, 1222.87, 1223.10, 1223.20, 1249.28,
1249.45, 1249.59, 1257.83, 1280.63, 1280.66, 1280.67, 1280.74, 1321.16,
1327.19, 1327.19, 1327.27, 1352.60, 1372.77, 1372.78, 1380.31, 1452.36,
1452.49, 1452.49, 1452.61, 1500.75, 1500.76, 1500.87, 1500.92, 1540.28,
1540.30, 1541.69, 1544.16, 1589.36, 1592.39, 1592.40, 1594.21, 1643.29,
1643.51, 1643.53, 1643.72, 1651.97, 1654.30, 1654.45, 1654.50, 1704.27,
1734.25, 1734.29, 1756.32, 2722.01, 2722.09, 2722.13, 2722.77, 2726.33,
2726.67, 2726.82, 2727.12, 2739.58, 2740.20, 2740.25, 2740.85, 2752.19,
2752.58, 2753.11, 2753.70, 2756.56, 2756.95, 2756.95, 2757.57, 2760.83,
2760.96, 2760.98, 2761.01

[Mn"TPPS]*

4.94, 4.96, 6.48, 6.87, 9.44, 13.35, 14.74, 14.90, 16.37, 16.49, 21.56, 22.53, 23.93,
29.50, 33.23, 33.29, 35.16, 76.45, 77.14, 81.78, 85.59, 87.10, 93.09, 93.96,
108.63, 112.19, 125.21, 136.51, 138.16, 138.57, 149.92, 152.04, 153.54, 180.83,
194.35, 195.78, 199.69, 212.83, 229.84, 232.84, 234.36, 246.43, 251.61, 270.75,
271.14, 282.99, 289.08, 298.80, 311.75, 311.96, 322.20, 322.22, 323.68, 329.29,
330.71, 334.21, 335.92, 339.24, 346.76, 347.04, 347.40, 347.58, 354.48, 355.94,
363.88, 425.83, 428.40, 430.84, 434.42, 435.19, 451.18, 459.46, 460.29, 463.09,
468.70, 468.99, 471.00, 473.97, 476.83, 496.78, 497.12, 548.11, 554.09, 554.49,
559.72, 562.44, 567.18, 569.09, 573.15, 576.71, 578.35, 581.07, 584.64, 585.97,
590.26, 597.17, 605.27, 607.26, 607.76, 609.80, 615.08, 673.15, 677.07, 678.01,
680.20, 699.85, 704.88, 705.77, 709.86, 710.31, 718.78, 719.49, 726.40, 756.73,
790.00, 804.80, 816.82, 856.26, 857.71, 860.81, 866.83, 868.80, 869.53, 874.49,
876.53, 877.20, 878.51, 879.82, 882.09, 884.66, 897.83, 904.89, 905.23, 926.37,
926.68, 935.99, 936.14, 936.98, 940.18, 945.36, 946.67, 971.30, 971.54, 971.54,
971.62,976.11, 976.16, 976.17, 976.21, 991.21, 997.41, 1003.56, 1021.04,
1064.02, 1064.33, 1064.99, 1065.17, 1068.19, 1068.73, 1069.32, 1069.90,
1080.47, 1090.49, 1091.80, 1091.89, 1092.04, 1092.67, 1100.33, 1104.03,
1106.10, 1108.12, 1111.48, 1114.22, 1137.52, 1141.21, 1156.32, 1165.12,
1177.39, 1178.75, 1181.23, 1186.82, 1211.54, 1211.54, 1211.61, 1211.70,
1213.76, 1213.85, 1214.15, 1214.26, 1219.31, 1228.88, 1239.12, 1244.59,
1252.74,1257.18, 1281.40, 1281.60, 1281.60, 1281.93, 1282.60, 1283.63,
1297.92, 1309.97, 1335.03, 1341.03, 1361.47, 1363.66, 1393.46, 1394.39,
1412.61, 1428.41, 1455.21, 1455.28, 1455.31, 1455.42, 1520.96, 1521.37,
1522.04, 1522.38, 1575.22, 1583.25, 1608.49, 1609.79, 1618.37, 1618.39,
1618.52, 1618.80, 1652.57, 1652.64, 1652.67, 1652.67, 1690.41, 1691.66,
1732.54, 1739.48, 1767.57, 1770.97, 2728.61, 2728.64, 2728.87, 2728.92,
2730.42, 2730.48, 2730.55, 2730.93, 2748.81, 2750.72, 2760.17, 2762.16,
2764.76, 2764.92, 2765.10, 2765.41, 2766.38, 2766.52, 2768.83, 2769.20,
2769.37, 2769.37, 2774.12, 2775.82

[Mn""TPPS+H]>

4.99, 7.93, 8.68, 9.63, 11.43, 13.02, 14.50, 15.24, 15.99, 18.21, 25.56, 26.75,
30.12, 30.96, 33.56, 36.04, 39.45, 73.09, 76.43, 80.33, 82.99, 87.27, 92.81, 95.25,
103.93, 106.49, 114.62, 126.18, 137.23, 137.78, 140.04, 150.62, 151.52, 155.34,
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181.42, 186.69, 196.52, 199.68, 210.33, 229.57, 233.22, 233.79, 245.15, 252.30,
270.02, 270.92, 282.83, 286.31, 297.40, 305.24, 309.24, 316.67, 320.29, 321.97,
324.98, 331.30, 332.78, 335.11, 340.41, 346.17, 346.50, 347.16, 349.36, 353.27,
355.67, 365.39, 416.83, 418.66, 425.82, 429.08, 432.34, 436.01, 450.53, 458.06,
460.26, 461.26, 467.40, 468.35, 471.61, 472.33, 492.96, 496.68, 540.13, 546.79,
554.40, 556.20, 559.99, 560.35, 566.56, 570.98, 575.41, 577.21, 579.32, 581.38,
582.99, 590.64, 598.56, 605.16, 606.39, 607.59, 609.53, 616.16, 671.49, 675.87,
676.31, 680.64, 698.90, 705.43, 706.61, 709.12, 710.82, 716.38, 720.79, 734.32,
756.32, 761.34, 791.20, 805.05, 817.68, 850.91, 859.15, 862.30, 866.95, 868.33,
872.28, 873.97, 875.65, 876.87, 878.15, 882.26, 884.90, 885.90, 898.98, 904.16,
908.58, 923.23, 932.05, 935.17, 935.70, 938.05, 946.91, 948.33, 971.14, 971.35,
971.48, 976.33, 976.55, 976.95, 978.62, 981.62, 989.39, 991.83, 997.13, 1004.07,
1020.42, 1060.94, 1066.93, 1069.51, 1071.03, 1071.56, 1072.13, 1074.74,
1081.29, 1091.29, 1097.48, 1097.71, 1099.43, 1099.53, 1101.43, 1104.68,
1105.48, 1107.32, 1110.73, 1113.70, 1136.21, 1141.65, 1156.80, 1166.24,
1171.00, 1175.54, 1178.23, 1182.53, 1194.41, 1212.17, 1212.38, 1212.79,
1213.76, 1214.57, 1214.81, 1219.72, 1222.82, 1228.31, 1234.69, 1238.64,
1244.32, 1250.13, 1262.19, 1279.88, 1280.43, 1280.76, 1282.95, 1286.39,
1289.86, 1294.15, 1315.07, 1334.87, 1344.22, 1360.67, 1367.13, 1393.07,
1397.07, 1412.64, 1429.47, 1455.40, 1455.82, 1455.96, 1459.22, 1515.94,
1517.54, 1518.14, 1522.11, 1574.48, 1582.92, 1604.08, 1607.16, 1609.59,
1609.90, 1613.15, 1629.83, 1638.20, 1652.76, 1653.83, 1654.28, 1678.79,
1689.41, 1729.31, 1738.15, 1758.27, 1768.98, 2473.06, 2716.65, 2718.35,
2723.14, 2725.24, 2726.34, 2727.09, 2728.25, 2731.29, 2738.41, 2744.32,
2749.99, 2755.87, 2756.02, 2758.76, 2761.19, 2763.00, 2765.06, 2765.27,
2767.06, 2767.88, 2769.12, 2770.26, 2774.25, 2787.68

[Fe'TPPS+H]*

3.00, 4.79, 8.90, 9.35, 12.49, 13.82, 14.99, 16.75, 16.85, 20.36, 23.33, 27.79,
31.86, 32.86, 35.18, 37.23, 45.26, 71.22, 78.38, 83.87, 85.61, 92.32, 96.15,
100.48, 112.72, 114.87, 125.50, 135.11, 137.41, 138.12, 148.89, 152.36, 154.41,
169.05, 189.80, 191.90, 199.75, 201.17, 211.06, 227.27, 232.74, 236.26, 247.35,
252.75, 272.26, 273.18, 276.40, 290.59, 295.02,303.44, 310.38, 317.77, 318.49,
324.45, 327.15, 328.42, 331.75, 332.96, 343.23, 345.94, 347.81, 348.25, 349.02,
349.88, 352.26, 368.67, 412.88, 415.85, 421.68, 426.65, 429.77, 433.50, 441.62,
444.72, 455.46, 458.04, 461.30, 466.59, 469.13, 470.11, 470.24, 482.93, 536.36,
546.38, 551.85, 553.47, 561.26, 563.11, 566.08, 576.81, 577.56, 580.78, 583.38,
590.31, 598.91, 606.62,607.32, 607.84, 619.49, 629.22, 649.01, 664.82, 675.41,
679.21, 680.64, 685.53, 712.52, 719.29, 721.71, 725.04, 730.81, 734.29, 736.87,
741.42,753.86, 761.73, 777.00, 789.05, 792.81, 850.14, 858.85, 861.25, 864.03,
872.69, 873.81, 874.41, 878.67, 879.27, 880.67, 880.75, 883.03, 884.17, 889.20,
893.30, 900.46, 913.81, 921.16, 935.78, 937.00, 937.23, 937.79, 940.05, 970.89,
971.41, 971.58, 975.33, 975.34, 975.83, 977.55, 980.81, 984.18, 987.48, 992.27,
995.48, 1007.17, 1056.34, 1058.77, 1059.92, 1060.23, 1062.35, 1062.72, 1064.32,
1065.24, 1067.69, 1080.16, 1085.26, 1085.79, 1086.46, 1089.24, 1105.30,
1107.93, 1109.80, 1111.41, 1113.16, 1119.18, 1120.99, 1129.08, 1136.70,
1170.11, 1180.89, 1182.46, 1186.49, 1193.78, 1202.52, 1210.05, 1210.34,
1210.54, 1214.71, 1215.22, 1215.24, 1215.60, 1223.43, 1243.25, 1248.03,
1251.89, 1263.91l, 1268.03, 1273.67, 1281.81, 1282.95, 1283.09, 1283.81,
1291.51, 1296.80, 1307.03, 1316.35, 1325.29, 1353.14, 1356.47, 1369.50,
1371.23, 1454.32, 1454.54, 1454.55, 1459.07, 1499.33, 1501.71, 1504.23,
1506.89, 1517.11, 1519.68, 1527.72, 1528.73, 1570.67, 1577.91, 1623.32,
1625.79, 1626.60, 1627.25, 1628.60, 1642.33, 1649.31, 1649.96, 1649.99,
1675.08, 1679.54, 1682.01, 1712.42, 1723.43, 2480.03, 2722.42, 2723.89,
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2731.57,2731.99, 2732.05, 2732.99, 2733.98, 2734.45, 2744.01, 2750.30,
2755.49, 2760.41, 2760.83, 2762.21, 2762.54, 2764.03, 2765.78, 2766.30,
2772.04, 2780.79, 2782.98, 2788.80, 2789.94, 2802.52

[Fe'TPPS+2H]*

with two

—CsH4SO3zH at
opposite
positions

2.66, 6.75, 8.52, 9.42, 12.38, 13.03, 14.21, 15.10, 16.30, 22.30, 26.93, 28.65,
31.67, 32.57, 33.85, 35.61, 43.35, 72.35, 76.71, 81.93, 84.39, 87.69, 95.79, 99.33,
108.45, 115.34, 126.38, 130.01, 134.50, 137.95, 140.77, 146.82, 149.02, 156.05,
160.01, 186.66, 190.69, 194.75, 198.67, 213.49, 224.20, 227.01, 234.92, 248.89,
252.20, 271.93, 272.76, 275.39, 288.81, 297.28, 302.30, 303.57, 312.11, 317.82,
319.26, 320.23, 326.63, 330.32, 331.57, 342.71, 345.34, 347.03, 347.40, 348.33,
350.46, 351.33, 368.70, 412.49, 415.26, 416.33, 421.94, 424.35, 427.38, 430.22,
438.00, 444.02, 453.46, 454.62, 460.62, 461.60, 468.06, 468.69, 482.69, 538.05,
545.39, 547.33, 550.29, 554.01, 557.99, 560.88, 574.62, 575.48, 577.86, 579.15,
589.72, 597.97, 606.09, 606.65, 607.34, 618.61, 627.69, 651.10, 665.20, 672.21,
678.41, 678.88, 684.49, 713.76 ,718.80, 722.26, 723.51, 732.47, 733.84, 738.17,
741.87, 755.79, 760.40, 761.36, 775.55, 789.01, 793.46, 854.57, 855.23, 859.20,
863.79, 871.75, 872.34, 878.78, 878.82, 879.30, 879.70, 881.70, 882.36, 885.57,
891.39, 893.98, 901.64, 919.19, 919.45, 936.11, 937.66, 937.86, 938.29, 971.15,
971.30, 975.79, 975.94, 977.49, 977.63, 980.35, 980.77, 984.39, 987.74, 990.48,
992.79, 995.90, 1007.10, 1057.80, 1058.61, 1061.88, 1063.72, 1065.14, 1067.28,
1068.25, 1070.06, 1084.16, 1087.95, 1091.25, 1091.65, 1100.84, 1101.62,
1108.99, 1110.39, 1112.14, 1114.03, 1119.21, 1119.84, 1129.14, 1136.63,
1169.19, 1171.40, 1180.88, 1181.98, 1193.47, 1194.60, 1207.43, 1211.23,
1212.19, 1212.77, 1214.44, 1214.82, 1222.61, 1222.86, 1236.36, 1236.88,
1251.92, 1257.60, 1262.02, 1267.85, 1279.35, 1281.40, 1281.86, 1289.21,
1289.87, 1291.21, 1292.09, 1302.00, 1312.25, 1323.86, 1355.61, 1356.95,
1372.00, 1372.59, 1454.99, 1455.07, 1458.82, 1458.87, 1501.18, 1503.27,
1504.29, 1505.86, 1515.43, 1517.03, 1527.28, 1529.07, 1576.71, 1576.95,
1619.22. 1619.32, 1627.18, 1627.80, 1633.57, 1634.21, 1648.25, 1651.29,
1651.52, 1655.87, 1682.50, 1686.86, 1718.22, 1724.37, 2476.34, 2476.61,
2720.15, 2720.25, 2721.43, 2721.69, 2729.42, 2729.56, 2730.98, 2731.75,
2745.14, 2746.48, 2750.82, 2751.03, 2752.14, 2753.23, 2761.23, 2761.64,
2765.22, 2765.45, 2777.44, 2777.91, 2784.32, 2784.75, 2798.42, 2799.36
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Table A6.2 Detail settings for ESI-MS/MS experiments of [Ni"P+H]*, [Co"'P]*, [Mn""'P]?,
[Mn""P+H]?, [Fe""P+H]*, and [Fe"P+2H]* (where P represents TPPS)

[NI"P+H]® | [CO"PJ* | [Mn"P]* | [Mn"P+H]? | [Fe'"P+H]> | [Fe'P+2H]>
Collision V 4-42 | 420 | 430 | 450 4-23 4-62 4-23
'Mgo“gf‘rgfa' ON OFF | ON ON OFF ON OFF
Set Mass 3276 | 329 | 329 492 328.3 493 329
Capillary (kV) 2 2.5 2.5 2.3 2.5 2.6 2.5
Sampling Cone 50 35 29 60 35 90 35
Extraction Cone 0 4 4 0 4 4 4
Tempse?;‘tfﬁa o) 100 100 | 100 100 100 80 100
Tegg?gﬁf? o 200 200 | 200 200 200 150 200
Cone( Sﬁ?) Flow 30 40 40 127 40 43 40
De;%:,’\/azmgas 200 176 | 250 | 200 176 500 176
LM Resolution 15 10 | 15 15 10 12 10
HM Resolution 12 10 15 12 10 8 10
Tragrﬁ:e‘;gi;ion 4 6 6 6 6 4 6
Tra&f}"‘;igow 10 15 | 2 5.5 25 1.9 25
F?(;’Vv(r;ejn"’}i) 50 18 | 86 18.5 18 11.7 18
'M(Sm(i‘/i; iE')OW 40 24 | 24 40 28.7 35 28.7
Detector 1900 | 1950 | 1950 | 1900 1950 1900 1950
Trap W?\‘;)e Height | ¢, 05 | 02 0.2 0.5 0.2 0.5
V:el\l/é?:i:/yv?r\ss) 550 300 | 736 550 300 550 300
IMS W%‘; Height 8.5 05 | 6 13 0.5 12 0.5
TraHr;siger:t\?\’/a)VQ 3 02 | 3 3 0.2 3 0.2
leae'[i’g'i)t‘t(r\"’/‘;“ 10 10 | 10 10 10 5 10
Tﬁggﬁ[ (T\;;ip 12 4 | 12 12 4 12 4
Traﬂg{g[}i’i};&“ 8 15 | 8 8 15 8 15
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