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1. Abstract
Proteins and their complexes take on central roles in biological processes and
disease mechanisms. More recently, significant efforts are being devoted into revealing the
molecular mechanisms by which differentially modified variants of the same protein
(proteoforms) can exhibit different biological activities. These efforts are hampered by the
lack of a method that determines the structure of a protein and simultaneously its sequence
and post-translational modifications. Tandem-trapped ion mobility spectrometry (tandemTIMS) has the potential to fill this gap. A central aspect here is the ability to characterize the
unfolding pathways of the protein in the gas-phase. To this end, ions are accelerated by an
electric field in the presence of a buffer gas and the gained kinetic energy is converted into
internal energy of the ions through collisions with the buffer gas. What remains unknown,
however, is how analytes are collisionally-activated in a tandem-TIMS instrument. In this
thesis, I show using reference molecules that it is possible to relate the dissociation barrier of
ions to the activation voltage applied in tandem-TIMS. I construct a strong linear model that
predicts either the activation energy and the Gibbs energy of activation as a function of the
activation voltage needed for dissociation and other parameters that account for the identity
of the different analytes. Since the reaction rates and the activation energies can be related
by different equations, it is possible to predict the dissociation reaction rate with the model
constructed in this thesis. Therefore, the stability of different analytes in the gas phase can be
studied by performing simple dissociation experiments in Tandem TIMS. The findings
discussed in this thesis are intended to illustrate the different tendencies on reaction dynamics
and is wished to be extrapolated to much larger and complex systems in future studies.
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3. Introduction and Theoretical Background
3.1 Mass Spectrometry
Mass spectrometry is the study of matter based on the mass of analytes and their
fragments. It provides extensive structural information of a large variety of compounds, it is
a very powerful and diverse analytical tool, used in a variety of areas such as medicinal
chemistry and proteomics, and it can be readily coupled with other analytical techniques like
GC or HPLC. Samples analyzed by MS are often complex mixtures containing a very low
concentration of the studied analyte, often drugs, metabolites and proteins, which are often
interacting with a complex environment of biological matrices. MS overlaps with other
analytical techniques, providing both an alternative method of analysis and more coherent
information relating components of different complex mixtures [9].
Prior to the measurement process in MS, the analyte is often neutrally charged, and
through different ionization methods, the analyte then becomes positively or negatively
charged and is subjected to electrostatic, magnetic or electromagnetic fields. There are many
possible ionization methods and mass analyzers available, however, a common feature of
most mass spectrometers is that both ionization and ion separation occur in the gas phase.
Therefore, analytes need to be vaporized and/or transferred into vacuum before or during the
ionization [9].
3.1.1 Electrospray Ionization
Electrospray Ionization (ESI) is an ionization method by which the analyte is
transferred to the gas phase via either solvent or ion evaporation. The analyte, previously
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dissolved in solution, is introduced into the ESI source through a syringe. The solvents are
commonly water, methanol and acetonitrile, with different combinations and applications
depending on the solubility of the analyte and the goal of the measurements [9].
The electrospray itself is formed because of a large potential difference between the
grounded metal and the counter electrode, thus generating an electrostatic field. In the
presence of such an electrostatic field, the solution exiting the needle is polarized, positively
or negatively charged droplets can be formed depending on the applied potential. These
droplets enter a heated capillary, where the solvent is evaporated. The surface charge density
increases up to a specific limit, where the surface tension cannot compensate the repulsion
between similar charges present in the surface of the droplet, causing its fragmentation,
forming smaller size droplets. This process continues until the solvent has been completely
removed and only charged analyte molecules remain. ESI allows the study of biomolecules
in their native-like environment because of the sample introduction in the solution phase,
allowing non-covalent interactions or protein denaturing kinetics to be tracked by ESI
measurements in a qualitative way. It also allows a wide mass range of compounds to be
measured with high sensitivity [9].
3.1.2 Time of Flight Analyzer (TOF)
The basic principle of TOF analyzers involves applying an electric potential, also
known as voltage, which causes ions to gain a definite kinetic energy, and thus, the velocity
of the ions can be determined from the ion«s time of flight. The time of flight can be directly
related to the m/z of the ion by the following equation:
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6 = (8/√2;)(=>/?@)

(1)

Where 6 is the time of flight (TOF), 8 is the distance, ; is the velocity of the ion, > is the

mass of the ion and ?@ is the charge of the ion times the fundamental charge [9].

Because the TOF is proportional to the square root of the m/z, lighter ions have shorter
arrival time than heavier ions and therefore, lighter ions arrive to the detector faster than
heavier ions. Resolution and precision of TOF analyzers has improved by introducing both
the delayed extraction technique, which compensates for the spatial spread of ions in the
analyzer, and the reflectron, which reduces the velocity spread. Ions with greater velocities
but same m/z ratio are forced to travel longer distances because they penetrate deeper into
the electrostatic field of the reflectron Therefore, ions with larger velocities have a longer
flight path than those with lower velocities. Advantages of TOF analyzers are good
resolution, large mass range accessible by detectors, fast cycles and high transmission,
providing good sensitivity [9].
3.2 Ion Mobility - Mass Spectrometry (IM-MS)
Ion

Mobility

Spectrometry

(IMS)

encompasses principles,

methods and

instrumentation for characterizing analytes from the speed of its gaseous ions in an electric
field and through a buffer gas. Gaseous ions are characterized by the mobility in common
mobility spectrometers when injected into the drift region, where the drift time is determined
as ions reach the end of the drift tube and collide with the detector. Measurement starts when
gas ions are formed from the sample, which is accomplished by gas phase reactions between
the analyte and reagent ions. The ions formed, known as product ions, are characterized by
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the mobility when injected into the drift region, where the drift time is determined as ions
reach the end of the drift tube and collide with a detector [20].
A classical drift tube is comprised of two regions, a reaction region and a drift region,
both under an electric field gradient. Two natural sample molecules are introduced into the
ion source (Figure 1.a) and the molecules are ionized. Ions are injected using an ion shutter
into the drift region and are separated according to the difference in ion mobility (Figure 1.b)
[20].

Figure 1. Schematic of drift tube for IMS. The drift tube is composed by a reaction and a
drift region. (a) The neutrally charged sample molecules enter the drift tube through the
source and are ionized. (b) Ionized molecules enter the drift tube and are separated by their
differences in ion mobility [20].
More recently, ion mobility spectrometers have been coupled with mass
spectrometers (MS). In these instruments, the reaction region in Figure 1 is replaced by
common ionization techniques, such as electrospray ionization. These instruments also
utilize mass analyzers as detectors, permitting the determination of the m/z. A common goal
has been to increase mobility separation and ion transmission, which is why IMS has been
coupled to MS to achieve two dimensional separations. IM-MS is a powerful tool for the
study of dynamic systems [2].
IM-MS provides both an extra dimension of separation and a large amount of
structural information and detail, which cannot be achieved with ion mobility spectrometry
4
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or mass spectrometry alone. It can be used for the recollection of structural information using
only small amounts of a sample and the ions of interest can be selectively isolated from
complex sample and thus, material of much lower purity can be used for mass spectrometric
analysis. Because IM-MS is used to determine changes in mobility and thus, conformation
and CCS, properties like conformational dynamics, quaternary structures and folding and
unfolding intermediates can be investigated. However, ligand binding or protein
posttranslational modification induce conformational changes that can be evaluated using
IM-MS without relying on calculated CCS values, and thus, prior detailed structural
determination can be used to explore temperature-dependent conformational dynamics [2].
The drift velocity is defined in terms of the mobility and the electric field.
;A = BC

(2)

Where ;A is the drift velocity, B is the mobility and C is the electric field. Furthermore, the
electric field strength is defined as the change of voltage over certain distance. Such change
of voltage will be defined as the activation voltage used in the interface of Tandem TIMS.
Thus,
C=

∆D
8

(3)

Where ∆D is the activation voltage and 8 is the distance at which the activation voltage is
applied. The distance depends on the instrument. However, the distance between the aperture
-2 and the deflector -2 of the interface of the Tandem TIMS, which is where the electric field
is applied to the ions, is 2mm.
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The ion mobility K is a function of the interaction between ions and drift gas. It is
dependent on numerous variables, like temperature, pressure, composition and charge, shape
and size of the ion. However, a reduced mobility BF can also be defined, which standardizes

ion mobility to standard temperature and pressure conditions. BF is a valuable parameter
because it can be used as a method of experimental identification from library and literature
values [4].
B = BF

GHI JF
GF J

(4)

Where BF is the reduced mobility, GF is the standard temperature (273K), GHI is the

temperature of the buffer gas (305K), Po is the standard pressure (1013.25 mbar) and J is the

pressure, in this case, between the aperture -2 and the deflector -2 of the interface of Tandem
TIMS.
By Eq. (2), (3) and (4), the drift velocity is defined as
DA = BF

GHI JF ∆D
GF J 8

(5)

When coupled with mass spectrometry, knowing both BF and >/? can both indicate
the chemical class of an ion and can be used to calculate the Collisional Cross Section (CCS)
according to
KK% =

3?L 1
2O
N
16M B PQH G

6

(6)
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Where ? is the charge of the ion, L is the charge of an electron, M is the number density, QH is

the BoltzmannÕs constant and P is the reduced mass [4]. Substituting B by BF and grouping
all the constants,
KK% = 18500

?
ST SU
NG
BR
ST +SU

(7)

Where ST is the mass of the ion and SU is the mass of the buffer gas. Thus, only ?, BF , G,
ST and SU are required to calculate the collisional cross section. The collisional cross section
of an analyte is characteristic of the interaction between the analyte and the drift gas [4].
3.2.1 Trapped Ion Mobility Spectrometry (TIMS)
Trapped IMS is an analyzer. It has the same basic principle of IMS analyzers of
separating ions by directing them through a buffer gas using a constant electric field. In IMS,
ions are constantly pushed through a stationary gas by a constant electric field. Conversely,
TIMS uses an electric field to hold ions stationary against a moving gas. Ions elute from the
TIMS by reducing the strength of the electric field overtime [9]. TIMS is capable of
producing high resolution IMS separation that can be easily integrated into a MS for IMSMS analysis. The basic principle behind TIMS is the use of an electric field that holds ions
immobile against a moving gas and ion clusters are separated based on their m/z. Ions are
confined to guarantee better ion transmission and sensitivity. The TIMS device can be easily
coupled to with a MS analyzer, providing a powerful separation platform, where the mobility
separation is not time dependent but instead, depends on the elution potential. Therefore,
TIMS mobility analysis can be tailored for resolution and mobility range depending on the
conditions and the expected outcomes of experiments using TIMS-MS [3].
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In a TIMS analyzer, there is a set of electrodes that compose three regions: the
entrance funnel, the TIMS funnel and the exit funnel. A capillary introduces gas and ions
from ESI source to the TIMS funnel capillary exit, where ions are deflected into the entrance
funnel and the gas is pumped through a port opposite capillary exit. However, all or part of
the gas can be forced to flow through the TIMS tunnel where it is pumped away through a
secondary port in the exit funnel region, which provides control of both the pressure and
velocity of the gas, which allows of control both E and N during experiments [4].

Figure 2. Schematic diagram of a TIMS device and its general components [21]. Ions
from the source enter TIMS through the capillary exit due to a pressure and electric field
gradient. Ions then enter the TIMS tunnel, through the entrance funnel, where the mobility
separation occurs. After separation, ions exit TIMS.
The TIMS funnel can be operated in two modes. In the transmission mode, the DC
potentials are set to continually push ions downstream, without mobility separation. The
analyzer entrance potential is set higher than the analyzer exit, causing it to be more repulsive
to the ions. The funnel entrance and the deflection plate are set to higher potentials when
operating in transmission mode. Ions also elute continuously from the TIMS analyzer and
MS spectra can be collected. In the MS mode, each MS spectrum is correlated to the elution
voltage at which the ion package exits the TIMS analyzer [5].
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TIMS analysis begins by accumulating ions for a period of time, during which the
deflection plate is set to repulsive potential. This directs ions into the entrance funnel, through
which they enter to the analyzer and ultimately reside at an equilibrium position where the
net acting force on them is zero. Gas is then directed through the funnel, caused by a
restriction of flow through the port across the capillary exit, which increases the pressure and
the gas velocity through the tunnel. The equilibrium position of ions is achieved once the
drift velocity of the ions through gas vg equates in magnitude and in opposite direction to the
velocity of the buffer gas vd [4]. Thus,
;A + ;I = 0

(8)

The electric field required to move an ion through a gas velocity is proportional to
the mobility of the ion. Therefore, ions with lower mobilities are held further up the repulsive
edge, where the magnitude of the electric field is higher. Thus, the ions with higher mobilities
are held near the entrance of the tunnel. Once sufficient ions have been accumulated,
additional ions are prevented from entering to the entrance funnel and tunnel by changing the
deflector potential to an attractive potential, which causes ions to collide with the deflection
plate and become neutralized. The magnitude of the electric field is decreased to an initial
value, denoted as E0, with an arbitrary rate, causing ions with increasing K to elute from
TIMS [4].
3.2.2 Tandem Trapped Ion Mobility Spectrometry (TIMS-TIMS)
Tandem TIMS allows the selection of ions with specific mobilities, which addresses
the difficulty relating changes observed in IMS to specific changes in mobility structure.
Tandem TIMS has high resolving powers, preserving the native-like structure of proteins.
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The TIMS-TIMS device has two identical TIMS analyzers, each with three regions, an
entrance funnel, analyzer tunnel and exit funnel. Each TIMS is driven by separate r.f.
generators, which allows independent control of the r.f. amplitude. A direct current electric
field created along the funnel collects ions exiting the TIMS and allows a region to pump
away the gas used in the analysis [5].
The TIMS-1 and TIMS-2 analyzers can be operated independently to transmit ions
without mobility separation, to separate ions based on their mobility and trap ions for a
specific time interval immediately prior to mobility-analysis. TIMS-TIMS can operate with
either or both TIMS analyzers operating as mobility analyzers. A pressure difference between
the entrance and exit regions induces a stream of buffer gas that pushes the ions towards the
exit funnel, and the gradient created acts as a force that counteracts the force on ions due to
collisions with the buffer gas. As a result, ions are trapped where they experience no net
force. Ions with high mobility are trapped closer to the entrance and are separated from the
lower mobility ions. The electric field gradient is gradually decreased to elute ions with lower
mobility, reaching the detector earlier than ions with higher mobility [5].

Figure 3. Schematic representation of a TIMS-TIMS device. Two TIMS are connected
by the interface region, which is compromised by two apertures. Ions generated by an
electrospray source enter through the transfer capillary and are directed towards its exit by
electric fields and a buffer gas stream.
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Ions are generally mobility separated in TIMS-1, then selected and activated in the
interface, and then mobility analyzed in TIMS-2, which allows for collision induced
unfolding (CIU) and collision induced dissociation (CID) on mobility selected ions [5].
Interface
In Tandem TIMS, the two TIMS analyzers are connected via an interface consisting
of two apertures, which enables mobility selective ion gating and collisional activation of
mobility selected ions. By timing the electric potentials, ions of a given mobility can either
be transmitted by the application of accelerating electric fields or blocked via repulsive
electric fields. Because the apertures are of small diameter and very close to one another, a
small potential difference can be sufficient to completely block ions, which allows fast
switching time. The interface consists of dc only elements, which can create a pure dc electric
field. Ions are transmitted through the interface region into the TIMS-2 analyzer with little
or no collisional applications and with the application of no or only slightly accelerating
fields [5].

Figure 4. Schematic representation of the spectrometer used in this research project.
Two TIMS analysers are connected by an interface. Ions are generated at the ESI source and
enter the spectrometer because of electric field and buffer gas flow. The tandem TIMS device
is followed by an hexapole, a quadrupole and a collision cell. Finally, ions reach the time-offlight device, where the m/z is determined.
Ions can be collisionally activated and dissociated in the interface region by the dc
electric fields between aperture-1 and aperture-2, as well as aperture-2 and deflector-2.
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Collisional activation can be performed on either the total mobility distribution or mobility
selected ions. Fragmented ions can be transmitted to the mass spectrometers or undergo a
second mobility selection in TIMS-2 [5].
3.3 Collision Induced Dissociation (CID) and Collision Induced Unfolding (CIU)
CID is useful for the determination of ion structures and the analytical determination
of compounds of environmental interest. IMS-MS coupled with CID (IMS-CID-MS) has the
advantage that preselection of the parent ions is not necessary, since they are already
dissociated. In Tandem TIMS, ions are collisionally activated and dissociated in the interface
region connecting the two TIMS analysers by a dc electric field between either aperture-1
and aperture-2 or aperture-2 and deflector-2. Activated ions can be transmitted into the mass
spectrometer or can undergo a second mobility separation in TIMS-2 [5].
The objective of this analytical method is to dissociate all the isolated ions and
maximize the trapping of fragment ions produced, which requires a balance of the ionÕs
kinetic energy. The CID fragmentation technique is advantageous in the sense that the total
charge is conserved, and alternating periods of excitation and collisional cooling allows ions
to access higher activation energy reaction channels and affects the fragment ion abundance.
The internal energy of ions can be increased by increasing the voltages at different stages,
and through collisions with neutral gas molecules, complexes can undergo dissociation.
Collision Induced Unfolding (CIU) occurs when more activated ions can undergo unfolding,
which can be tracked by monitoring their CCS as a function of the collision energy. CIU
experiments measure how the CCS of ions changed when they are vibrationally activated by
ion neutral collisions. These experiments characterize structures of protein systems, because
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they characterize the height of energy barriers associated with breaking non-covalent bonds
as ion unfolds due to the collisional activation [10].
3.4 Arrhenius Parameters
The Arrhenius equation summarizes different empirical findings on temperature
dependence of thermal dissociation. The Arrhenius equation is the following:
Q(G) = WL XYZ /[\

(9)

Where Q(G) is the rate constant, W is the preexponential factor, C] is the activation energy,
^is the ideal gas constant and G is the temperature [12].

The activation energy is defined as the difference between the average energy of the
reacting molecules and the average energy of all the molecules, which is the energy that the
reactant molecules need to overcome prior to becoming activated. Empirically, the activation
energy is determined by measuring changes in the rate constant, which approximates the
separation process with time and temperature [12]. The determination of the activation
energy using the Arrhenius equation with temperature as independent variable has been used
in numerous studies involving chemical reactions, food deterioration and pyrolysis of
cellulose [13]. For this work, the two significant methods for determining the activation
energies were Blackbody Infrared Radiative Dissociation (BIRD) and Thermal Dissociation
methods.
3.5 Transition State Theory (TST)
The transition state theory (TST), or the theory of absolute reaction rates, is a refined
version of the collision theory. The basic assumption of the TST is that there is an activated
13
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state, or activated complex, which forms through an activation of the reactants, which can be
represented by the following reaction
W ⇌ W‡ → a

(10)

Thus, collision between reactants does not form the products of the reaction directly.
Since the kinetic energy of colliding molecules is transformed into the potential energy, the
activated complex can be characterized by the Gibbs energy. Thus, the standard Gibbs energy
of activation is the Gibbs energy difference between the transition state of a reaction and the
ground state of reactants [16].

Figure 5. Classical representation of the TST. Reactants require an input in free energy,
denoted as the Gibbs activation energy, for the formation of the activated complex, or
transition state [22].
The activated complex is a highly energized intermediate, and as a consequence, it is
highly unstable. This causes the activated complex to decompose into the products of the
reaction. Therefore, the rate of the reaction is given by the rate of decomposition of the
activated complex. The TST assumes that a chemical reaction occurs as a two-step process,
where first the activated complex is formed, followed by the decomposition of the activated
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complex, yielding the products of the reaction [16]. The Gibbs energy of activation is
relevant because it provides information on the stability of the reactants in the ground state.
According to the TST, the reaction rate of the decomposition of the activated complex
is defined as
Qb G X∆e ‡
Q(G) = F L [\
ℎd

(11)

Where Qb the Boltzmann constant, G is the temperature, ℎ is the PlanckÕs constant, d F is the

concentration of the activated complex under standard state, ∆" ‡ is the Gibbs energy of
activation and ^ is the ideal gas constant.

However, Gibbs energy can be defined in terms of entropy and enthalpy as the
following
∆" ‡ = ∆$‡ − G∆% ‡

(12)

Where ∆# $ is the enthalpy of activation and ∆# % is the entropy of activation. Therefore, the
rate of reaction can be defined as
Q (G ) =

Qb G ∆#h X∆#i
L [ L [\
ℎd F

(13)

However, the available literature data is, in its majority, in terms of the Arrhenius
parameters. Therefore, it is beneficial to define the Gibbs energy of activation in terms of the
Arrhenius parameters. The enthalpy of activation is related to the C] by the following
equation
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∆$ ‡ = C] − 2^G

(14)

Where C] is the activation energy. Thus, the rate of reaction is then
Q (G ) =

Qb G ∆h ‡ jU X YZ
L [ L [\
ℎd F

(15)

The rate of reaction can also be defined with Arrhenius parameters. By comparing
Eq. (1) and (7), the preexponential factor can be defined as
Qb G ∆h ‡ jU
W= FL [
ℎd

(16)

Therefore, the entropy can be defined in terms of the pre-exponential factor as
∆% ‡ = ^ kln m

Wℎd F
n − 2o
Qb G

(17)

Ions in IMS experiments experience high instantaneous fields and therefore, it is important
to consider the effects of such electric fields on temperature [21]. It is well known that the
temperature and the kinetic energy are directly proportional to each other, which is given by
Gpqq =

2
C
3^ rst

(18)

Where Crst is the kinetic energy, and the Gpqq is the effective temperature. In ion mobility
spectrometry, the kinetic energy is defined in terms of the temperature of the buffer gas and
the drift velocity. Thus,
Crst =

3
1
GHI + S;A U
2^
2
16

(19)

Rangel
Where Tbg is the temperature of the buffer gas, M is the molecular weight of the buffer gas,
in this case nitrogen, and Vd is the drift velocity.
By substituting the drift velocity from Eq. (5) in Eq. (19), the kinetic energy is given by
Crst =

GHI JF ∆D U
3
1
GHI + S mBF
n
2^
2
GF J 8

(20)

Substituting Eq. (20) in Eq. (18), the effective temperature is
Gpqq = GHI +

GHI JF ∆D U
1
S mBF
n
3^
GF J 8

(21)

3.6 Empirical Determination of the Arrhenius Parameters
Absolute information regarding energetic and entropic requirements of dissociation
reactions are usually difficult to derive because the internal energy distribution of the
activated ions is often not well known. However, a special case is in which the parent ion
internal energy distribution is close to the Boltzmann distribution and therefore, it can be
described by using the temperature. This case can be achieved using methods in ion
activation, deactivation and dissociation processes occur in parallel. Parent ion internal
energies approach Boltzmann internal energy distribution if the rates of ion activation and
deactivation are large relatively to the unimolecular dissociation rate, which is known as the
rapid exchange limit. During the former case, reasonably accurate Arrhenius parameters can
be calculated by measuring the dissociation of the parent ion as a function of the temperature
[18].
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For small ions, the dissociation rate is determined by the absorption rate. However,
for large ions the rate determining step can be the unimolecular dissociation rate, which has
been used to measure the Arrhenius activation parameters using BIRD, which will be
explained later in this section [18]. Slow heating methods coupled with ion storage devices
enable the acquisition of dissociation rates as a function of temperature and therefore,
information regarding dissociation dynamics can be collected [19].
3.6.1 Thermal Dissociation Methods
Rates of CID in quadrupole ion trap correlate with the dissociation energies of ions.
For a fixed set of conditions, ions of low critical energy fragment at higher rates than ions of
higher critical energy and therefore, it is possible to use CID in quadrupole ion trap for the
determination of Arrhenius parameters for ions that approach high pressure limits [19].
Several issues need to be addressed in thermal dissociation using quadrupole ion trap,
prior to calculating the quantitative values fo the Arrhenious paramters. The internal enegy
of the parent ion needs to be established as a function of the experimental conditions. The
minimum internal energy of an ion under steady state storage conditions is the temperature
of the buffer gas, and it can be increased if the ion is accelerated to increase the average
energy of the collisions with the buffer gas. For the quantification of the activation
parameters, any method that accelerates the ion with an externally applied electric field must
be amenable to the determination of ion internal temperature under steady state conditions
[19].
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3.6.2 Blackbody Infrared Radiative Dissociation
BIRD is related to the observation of ion dissociation events in a vacuum, zero
pressure, by an ambient blackbody radiation field, studied with ion-trapping ion cyclotron
resonance. Ions trapped using this method can dissociate in a unimolecular fashion under low
pressure conditions, at which the traditional activation mechanism of collisions is absent very
slow to occur. Therefore, the mechanism of ion activation that occurs in this process is
exclusively a consequence of an exchange of energy between the trapped ion and its
surroundings by emission and absorption of IR photons. This process of dissociation is called
BIRD and plays a key role in the study of ion dissociations, mostly in the quantitative
characterization of binding and dissociation of complexes of large biomolecules [11].
Two requirements are essential to create the conditions for the blackbody mechanism
to become experimentally possible, which are: a low enough ambient pressure so that the IR
photon absorption and emission competes with the collisional energy exchange, and that time
of observation of the dissociation is long enough for this mechanism to give a relatively
significant degree of dissociation of the population of molecules [11].
BIRD dissociations are typically slow, lasting seconds or even minutes. Therefore, it
is necessary to use an ion trapping mass spectrometric instrument, which is why quadrupole
ion traps might be considered. However, BIRD kinetics are highly sensitive to even a very
small amount of energy deposited via non-thermal collisions. Because of the uncertainty in
quadruple spectrometry regarding whether ions acquire significant translational excitation
because of the presence of rf or not, this factor is a problem. Also, the high buffer gas
pressures are usually used in quadruple mean that the exchange in energy is performed via
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collisions, which is why experiments performed with quadrupole spectrometry are mostly
collisional-excitation experiment, rather than BIRD experiments. However, ICR mass
spectrometry can be operated at low pressures and without the presence of an RF field, which
is the ideal scenario for a BIRD experiment [11].
Most of the BIRD published work has been performed in a temperature range from
room temperature up to nearly 250 oC, which gives convenient kinetic data for a wide range
of bond strengths, from 70 to 200kJ/mol. The basic data produced as a result of BIRD
experiments are the mass spectrometer plots of the abundance of the precursor ion and its
fragments as a function of time. These plots are generated for different temperatures and are
plotted as the logarithm of the precursor ion abundance as a function of time [11].
The results from BIRD analysis are a series of rate constants versus the temperature
for the disappearance of the precursor ions, complemented by the corresponding appearance
of the rate constants for each fragment. Depending on the goal of the experiment, BIRD data
can be analyzed in different ways, however, the focus of this research project relies on the
Arrhenius parameters of the activation energy and frequency factor, which come from the
slope and intercept of the data plotted in the Arrhenius form. The critical dissociation energy
can be obtained by analyzing either the reaction rate constants directly or by working on the
Arrhenius activation parameters [11].
An example of the outcome of a typical BIRD experiment, and its analysis for the
definition of an activation energy, is the following:
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Figure 6

Figure 7

Figure 6. Outcome of BIRD experiment: dissociation of charge state 10+ of the complex
ion (Scfv+2+10H)10+. Figure 7. Analysis of BIRD experiment: Arrhenius plots of the
system, with different charge states of the same complex. With these series of plots, the
activation energy of each charge state can be defined using the Arrhenius equation [11].
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6. Experimental Procedure
The instrument used for these experiments was a Tandem TIMS device
incorporated in a prototype ESI-QqTOF mass spectrometer (Bruker Daltonics, Billerica,
MA, USA). The goal of the experiments was to determine the activation voltage for each
species. Therefore, all experiments consisted in taking different measurements with different
activation voltages, from a range of 0V to 200V.
Bradykinin is a nonapeptide that plays a key role in inflammation. It is a product
of the breakdown of high molecular weight kininogen in the kinin cascade. The amino acid
sequence of bradykinin is Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg, and its empirical formula
is C50H73N15O11. [14] Bradykinin was commercially obtained from Sigma Aldrich (Sigma,
St. Louis, MO). It was dissolved in 50:50 Methanol/Water to a concentration of 1mM. The
working solutions for the experiments had 20µM concentration, and were prepared by
diluting the former stock solution with 99:1 Methanol/Acetic Acid.
Leucine Enkephalin is a pentapepide with amino acid sequence Tyr-Gly-Gly-PheLeu and empirical formula C28H37N5O7. [14] Leucine Enkephalin was commercially obtained
from Sigma Aldrich (Sigma, St. Louis, MO). It was dissolved in 50:50 Methanol/Water to a
concentration of 1mM.The working solutions for the experiments had 20µM concentrations,
and were prepared by diluting the former stock solution with 99:1 Methanol/Acetic Acid.
Dissociation experiments were performed for three charge states of Bradykinin:
[BK+H]

1+

, [BK+2H]

[YGGFL+H]

1+

2+

and [BK+3H]

3+

; and one charge state of Leucine Enkephalin

. Due to the instability of [BK+3H] 3+ the settings needed to be adjusted for
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this specific experiment. The settings used for the analysis of [BK+H] 1+and [BK+2H] 2+ were
the following: using the schematic representation in figure 3 as a reference, the voltages
decreased from left to right. Meaning, there is a negative difference between the voltages of
sections next to each other.
The initial voltage difference between sections were the following:
¥! Deflector-1, ESI source and entrance funnel Ð 1, 10V.
¥! Entrance funnel -1 and analyzer tunnel -1, 20V.
¥! Analyzer tunnel -1 and exit tunnel -1, 60V.
¥! Exit tunnel -1 and the different sections of the interface had no difference in voltages.
¥! Deflector -2 and entrance funnel -2, 5V
¥! Entrance funnel -2 and analyzer tunnel -2, 20V.
¥! Analyzer tunnel -2 and exit funnel -2, 10V
It is important to note that ions are positively electrosprayed. Meaning, that once
they enter the analyzer, they are charged positively. By setting a gradient of decreasing
voltages from left to right of the analyzer, a negative electric field will attract positively
charged ions to towards the end of the spectrometer. At the beginning of the measurement,
there is a difference of 10 V between deflector -1, ESI source and entrance funnel -1, which
causes ions to enter TIMS-1 because they are attracted to the entrance funnel -1. However,
after a specific time, the voltage from deflector-1 is set to be much lower than the voltage
from the entrance funnel -1. Therefore, when positively charged ions enter the analyzer, they
will be attracted to deflector -1, instead of being attracted to entrance funnel -1. As a
consequence, those ions will not enter TIMS-1 and the measurement process will stop.
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At the beginning of the measurement, the voltage on analyzer -1 is lower than the
voltage in entrance funnel -1, which causes ions to enter the spectrometer and trapping them.
The voltage of the analyzer increases progressively, until it reaches an arbitrary voltage set
by the user. During this time, ions are intrinsically separated by their mobility because of
interactions with the buffer gas, where ions are trapped where they do not experience a net
force as a consequence of such interactions. Ions with larger surface will have much more
interaction with the buffer gas than ions with smaller size would. Therefore, ions with smaller
mobility are trapped closer to the entrance and ions with larger mobility are trapped closer to
the exit, which causes a separation between ions based on their mobility. In TIMS-2, the
voltages are set constant during the time of the analysis of TIMS-1, but right after the
separation is performed on TIMS-1, the voltage of the TIMS-2 analyzer starts to
progressively increase, and the scan is performed exactly as it was performed for TIMS-1.
Afterwards, ions enter the mass spectrometer.
It is important to note that the difference in voltages in the interface can be changed
when performing mobility selection and when doing activation, both of which are of concern
for the experiments performed in this thesis. When performing experiments, selecting a
particular species might be of interest, which is when mobility selection is performed. During
mobility selection, the voltage of the aperture -2 at a specific interval changes through the
performance of the measurement and as a consequence, only the ions that arrive at that
specific interval will pass through aperture-2 and will be analyzed in TIMS-2. If the purpose
of the experiment is to provide energy to the analyte, then activation in the interface of
Tandem TIMS can be performed. The activation voltage is, thus, the difference in voltages
between aperture -2 and deflector -2 at the interface. During experiments, the voltage in

24

Rangel
aperture -2 is increased, instead of the voltage on deflector -2, to maintain the gradient of
voltages through the instrument. If the magnitude of the voltage in aperture -2 is increased,
the same amount should be increased in the other previous sections of the instrument. If the
voltages from the previous sections are not changed, then the voltage of aperture -2 will be
greater than the voltage of both aperture -1 and exit funnel -1 and therefore, ions will not go
through the analyzer.
The same settings were used for Bradykinin charge state 1+ and 2+. Charge state
1+ (1061 m/z) and charge state 2+ (530 m/z) have significant abundance when evaluating the
3D spectrum. Charge state 3+ (354 m/z) does not has significant abundance with this specific
setting. Therefore, settings need to be adjusted to evaluate charge state 3+. Refer to figure 8
for the 3D spectrum, mass spectrum and arrival time distribution of charge states 1+ and 2+
of bradykinin.
a)

c)
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Figure 8. 3D Spectrum, Mass Spectrum and Arrival Time Distribution for Bradykinin
Charge States 1+ and 2+ ∆u = vu. a) The ordinate represents the m/z range and abscissa
represents the arrival time in ms. b) The ordinate represents the abundance in counts and the
abscissa represents the m/z. c) The ordinate represents the abundance in counts and the
abscissa represents the arrival time in ms. Enclosed are charge states 1+ and 2+ of
Bradykinin.
In the spectrum, there are specific sections in which both charge states do not
overlap in the arrival time distribution. Therefore, it is possible to mobility select each one
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of the charge states, to then perform dissociation experiments individually. After performing
mobility selection, each charge state was activated by applying different activation voltages.
Refer to Section 9.1 of this thesis for the different mass spectrums after mobility selection
and at selected activation voltages.
The settings were adjusted slightly, making the voltages differences between
different sections of the spectrometer smaller, mainly because of the instability of charge
state 3+. Because charge state 3+ is very unstable, the settings used for the other charge states
caused fragmentation prior to applying an activation voltage. Refer to figure 9 for the 3D
spectrum, mass spectrum and arrival time distribution of charge state 3+ of bradykinin.
a)

b)
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Figure 9. 3D Spectrum, Mass Spectrum and Arrival Time Distribution for Bradykinin
Charge State 3+ ∆u = vu. a) The ordinate represents the m/z range and abscissa represents
the arrival time distribution. b) The ordinate represents the abundance in counts and the
abscissa represents the m/z. c) The ordinate represents the abundance in counts and the
abscissa represents the mobility in scans. Enclosed are charge states 2+ and 3+ of Bradykinin.
Even though there is some fragmentation using these settings, the abundance of the
parent ion is significant and therefore, it is possible to evaluate its abundance with different
activation voltages. In the spectrum, there are specific sections in which both charge states
do not overlap in the arrival time distribution. Therefore, it is possible to mobility select
charge state 3+ and perform dissociation experiments. After performing mobility selection,
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charge state 3+ was activated by applying different activation voltages. Refer to Section 9.1
of this thesis for the different mass spectrums after mobility selection and at selected
activation voltages.
The settings used for Leucine Enkephalin were almost the same as those used for
Bradykinin. The only difference between both settings was the scan time in the TIMS
analyzer. Because Leucine Enkephalin is significantly smaller than Bradykinin, the electric
field needed for the scans in TIMS-1 is smaller and therefore, the difference between the
voltages initially and finally on TIMS-1 is smaller than those used for the experiments of
Bradykinin. Refer to figure 10 for the 3D spectrum, mass spectrum and arrival time
distribution for charge state 1+ of leucine enkephalin.
b)
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Figure 10. 3D Spectrum, Mass Spectrum and Arrival Time Distribution for Leucine
Enkephalin Charge State 1+ ∆u = vu. a) The ordinate represents the m/z range and
abscissa represents the arrival time distribution. b) The ordinate represents the abundance in
counts and the abscissa represents the m/z. c) The ordinate represents the abundance in counts
and the abscissa represents the mobility in scans. Enclosed are the monomer and dimer of the
charge state 1+ of leucine enkephalin.
There are two species present in the mass spectrum, a monomer and a dimer of
YGGFL charge state 1+. However, because the only specie of interest is the monomer, it is
possible to mobility select that specific ion, and perform experiments of activation
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7. Data Analysis and Results
7.1 Determination of Critical Activation Voltages
The goal of the experiments detailed in the former section was to study the abundance
of each of the species under different activation voltages. Thus, it is important to quantify the
abundance using the mass spectra gathered during the experiments. To count the number of
ions of each charge state, the mass spectrum peak of each charge state was integrated using
the absolute integration function on the program Origin Pro 2017 (Academic) 64 bit. This
analysis was performed for each charge state, for each experiment performed under different
activation conditions. After determining the ion abundance of each species at each activation
voltage, a scatterplot of ion abundance against activation voltage was created, with the goal
of determining an activation voltage, which will be used in the creation of the model further
on. An example of such scatterplots is the following:
Bradykinin Charged State 1+
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Figure 11. Abundance Decay of the Parent Ion Bradykinin Charge State 1+. The
abundance of charge state 1+ was plotted against the activation voltage in each measurement.
The ordinate represents the Abundance in counts and the abscissa represents the Activation
Voltage in V.
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It is possible to fit the scatterplot and then use the fitting parameters to determine the
activation voltage, which will be defined as the activation voltage at half width. Using Origin
Pro 2017 (Academic) 64 bit, the data above was fitted to a Boltzmann distribution.
Bradykinin Charged State 1+

Experimental Results Ion Abundance Parent Ion
Boltzmann Fit

800000

Boltzmann

Model

700000

132.33863 ± 1.9453

x0

0.96569

R-Square(COD)

0.96201

Abundance (Counts)

Adj. R-Square

600000
500000
400000
300000
200000
100000

Vo

0
0

20

40

60

80

100

120

140

160

180

200

Activation Voltage (V)

Figure 12 Fitted Abundance Decay of the Parent Ion Bradykinin Charge State 1+. A
Boltzmann fit was used to determine the activation voltage at half width, which was
determined to be the critical activation voltage used in the model. In this case, the Activation
Voltage is 132.34 V with a Standard Deviation of 1.95 V and the Adjusted R2 is 0.96201,
therefore, the model is a good fit for the data.
For all charge states of bradykinin and leucine enkephalin, a Boltzmann fit was
considered to be a good fit for the data. Thus, V0 Ð the value of the activation voltage at the
functionÕs half width- was considered to be the activation voltage for each species. For further
detail on the determination of the critical activation voltage of each species of Bradykinin
and Leucine Enkephalin, refer to section 9of this thesis for the abundance decay of parent
ion plots and the fitted model.
The results of the data analysis performed in this section are compiled in Table 1.
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Species

Activation Voltage (V)

Bradykinin 1+
132.34
Bradykinin 2+
71.76
Bradykinin 3+
31.51
Leucine Enkephalin 1+
59.57
Table 1. Activation Voltage of the Different Charge States of Bradykinin and Leucine
Enkephalin. The critical activation voltages were defined by analyzing the activation voltage
value at the functions« half width.
7.2 Correlation between Energy of Activation and Critical Activation Voltage.
Correlations between Ea and ∆D have been performed previously for IM-MS [19].
Thus, the starting point for this data analysis is to perform a similar analysis, using the
literature values for the activation energy of Bradykinin and Leucine Enkephalin available in
literature [17, 18]. The most relevant data for the performance of the correlation is compiled
in Table 2.

Name
Bradykinin 1+
Bradykinin 2+
Bradykinin 3+
YGGFL 4+

Activation Voltage (V)
132.34 ± 1.95
71.76 ± 0.45
31.51± 0.50
59.57 ± 0.26

Activation Energy (eV)
1.27 ± 0.09 [17]
0.83 ± 0.06 [17]
0.79 ± 0.03 [17]
1.28 ± 0.08 [18]

Table 2. Activation Voltage and Activation Energy of the Different Charge States of
Bradykinin and Leucine Enkephalin. The activation voltage was gathered as explained in
the former part of this section, and the activation energy was collected from references [17]
and [18].
The construction of the model is a stepwise process. First, it is important to see what
type of relationship the activation voltage has with the activation energy, without considering
further parameters. When evaluating the plot, it is clear that Leucine Enkephalin is different
from the expected pattern seen in Bradykinin. One of the main differences between Leucine
Enkephalin and Bradykinin is the size, Bradykinin being a nonapeptide, while Leucine
Enkephalin is a pentapeptide. There is also a clear difference within charges of Bradykinin,
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where charge 1+ is much more stable than charge 3+, as expected. Thus, when evaluating the
model, charge and size must also be accounted for. There is, overall, a week positive
correlation between the activation energy of a system and the activation voltage collected via
experiments in Tandem TIMS, which is represented by a small R2.

Activation Energy vs Activation Voltage

Experimental Results
Linear Fit
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1.2

[YGGFL+H]1+

[BK+H]+
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7
0.0045 ± 0.0031
0.5132
0.26979

R-Square(COD)
Adj. R-Square

0.4
0.2
0.0
0

25

50

75

100

125

150

Activation Voltage (V)

Figure 13. Activation Energy vs Activation Voltage plot. A positive and week linear
correlation is seen, with the most significant differences between systems being because of
different charges within the same analyte, and size difference between different analytes. The
R2 of the model is 0.5132.
As shown by Pierson and Clemmer [19], the charge of the molecule and its size are
significant parameters when evaluating the relationship between activation energy and
activation voltage. These findings agree with the ones portrayed above and therefore, the
model needs to be adjusted for it to include the two former parameters. Since the stability of
a molecule is inversely related to the charge, the activation energy is expected to be inversely
related to the charge. A larger molecule will require a much larger energy input to be
dissociated, compared to the energy required to dissociate a smaller molecule. Thus, a better
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way to compare within systems is to compare the activation voltage per degree of freedom.
Thus, new parameter to be tested will be:
Wd6w;x6wyz Dy{6x|L
Wd6w;x6wyz Dy{6x|L
⇔
ÑL} 8L|}LL yÅ Å}LL8y>
Kℎx}|L ∗ L|}LLÄ yÅ Ç}LL8y>
Kℎx}|L
Table 3 summarizes the different data needed to create the new regression.

Name

Charge

Bradykinin

1

Degrees of
Freedom
450

Bradykinin

2

Bradykinin
YGGFL

Activation Voltage (V) Activation Energy (eV)
132.34 ± 1.95

1.27 ± 0.09 [17]

450

71.76 ± 0.45

0.83 ± 0.06 [17]

3

450

31.51± 0.50

0.79 ± 0.03 [17]

1

228

1.28 ± 0.08 [18]
59.57 ± 0.26
Table 3. Relevant data used to construct the model for the relationship between
activation voltage and activation energy of the different charge states of Bradykinin
and Leucine Enkephalin. Besides the activation voltage and activation energy, some other
information of the analyte is needed to construct the model. The degrees of freedom were
calculating using the formula for nonlinear molecules (i.e. DoF=3N-6). The activation
voltage was gathered as explained in the former part of this section, and the activation energy
was collected from references [17] and [18].
When including these parameters in the model, the strength of the correlation
increases, represented with a larger R2. This allows for a much more accurate prediction if
this calibration is wished to be used for the determination of activation energies, when the
activation voltage is known.
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Experimental Results
Linear Fit
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Figure 14. Activation Energy vs Activation Voltage/Charge per Degree of Freedom plot.
A positive and strong linear correlation is seen. The data used for the creating of this
regression can be found in Table 3.
The estimated equation line is the following:
C] = 0.73503 + 1.90588

∆D
with ^U = 0.977288
? yÇ

(22)

It is also important to note that despite the regression line not being exactly on each
one of the points, such error can be due to the uncertainty of the BIRD or Thermal
Dissociation experiments themselves, through which the activation energy was collected
empirically. This assumption can be made because in the observations where the regression
line does not match with the expected value for the activation energy, it is within the error
reported in the experiments [17, 18].
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7.3 Correlation between Gibbs Energy of Activation and Critical Activation Voltage.
The main goal of this thesis is to evaluate the correlation between energy of any given
system and the activation voltage needed to dissociate the system of interest. The activation
energy is directly correlated to the activation enthalpy. The entropy can be defined as a
measure of the different ways in which a system can be arranged and thus, this parameter can
be useful when evaluating much larger molecules. Therefore, rather than considering the
activation enthalpy as the only predictor included in the model, the entropy must also be
included. Since both parameters are accounted for by the Gibbs energy, it is much more
practical and accurate to use the Gibbs energy of activation, rather than the activation
enthalpy by itself.
However, the data available in literature focuses, in its majority, to the Arrhenius
parameters, rather than the Gibbs energy of activation. However, using Eq. (4), (6), (9) and
(17), it is possible to calculate the Gibbs energy of activation by knowing the activation
energy, the pre-exponential factor [17, 18] and calculating the effective temperature. Table 4
summarizes the different calculated Gibbs energies of activation and the activation voltages
calculated in the former section. Refer to section 9.3 of this thesis for the calculation of the
Gibbs energy of activation.
Species

Gibbs Energy of Activation
Activation Voltage (V)
(kJ/mol)
Bradykinin 1+
4.37 x 103
132.339
Bradykinin 2+
2.04 x 103
71.762
Bradykinin 3+
2.82 x 102
31.513
2
Leucine Enkephalin 1+ 4.96 x 10
59.574
Table 4. Activation Voltage and Gibbs Energy of Activation of the different charge
states of Bradykinin and Leucine Enkephalin. The Gibbs energy of activation was
calculated using the Arrhenius parameters from references [17] and [18].
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Gibbs Activation Energy vs Activation Voltage
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Figure 15. Activation Gibbs Energy vs Activation Voltage. A positive and strong linear
correlation is seen, with an R2=0.93648. The data used for the creating of this regression can
be found in Table 5.
The correlation of the Gibbs activation energy versus the activation voltage, without
any parameter accounting for different characteristics of the molecule, is much stronger than
the initial correlation using the activation energy (Figure 13). It is also important to note that
the correlation within the same species, meaning the correlation between different charge
states of bradykinin, is very strong, having a correlation coefficient really close to 1. A linear
correlation between the different charge states of bradykinin is represented in Figure 16.

Figure 16. Linear Fit of the Activation Gibbs Energy vs Activation Voltage of
Bradykinin. A positive and strong linear correlation is seen, with R2 = 0.9988.
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As stated previously, there is an almost perfect correlation within bradykinin.
However, leucine enkephalin is an outlier to such correlation. This might be because of the
difference in size between the two peptides. Thus, it is necessary to include further
parameters that account for the different identities of each analyte. The larger the molecule,
the more energy need to be provided to dissociate it. Thus, Gibbs activation energy is
proportional to the size of the molecule, represented in the model by the degrees of freedom.
When including the degrees of freedom on the predictor variable of the model, the correlation
is much stronger. With an R2=0.99654, the correlation for the model using the activation
Gibbs energy as a predictor is much stronger than the correlation of the model using the
activation energy as the predictor.
Activation Gibbs Energy vs Activation
Voltage times Degrees of Freedom

Experimental Results
Linear Fit
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Activation Gibbs Energy (kJ/mol)
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y = a + b*x

Intercept

-809.29711 ± 128.043
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Figure 17. Linear Fit of the Activation Gibbs Energy vs Activation Voltage times
Degrees of Freedom. A positive and strong linear correlation is seen, with R2 = 0.99654.
∆" ‡ = −809.29711 + 0.08711 ∆D ∗ yÇ with ^U = 0.99654
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This model might be more useful for further work, since it accounts for both the
activation enthalpy and entropy of the system, which provides much more detailed
information, especially for larger systems, than using the activation energy alone might
provide.
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8. Conclusion
Two different models were proposed in the former sections of this thesis.
C] = 0.73503 + 1.90588

∆D
with ^U = 0.977288
? yÇ

∆" ‡ = −809.29711 + 0.08711 ∆D ∗ yÇ with ^U = 0.99654

(22)

(23)

However, there are a series of details to be considered when evaluating the accuracy
of the two different models. It is important to note that a similar calibration, using the
activation energy as the response, was performed previously by Pierson and Clemmer and
the findings presented in this thesis are somewhat similar to those presented for IMS [19].
The most significant difference between both models was the variable charge. In this model,
the charge is found in the denominator, while in the previously proposed model, the charge
is on the numerator.
The intercepts are an important aspect to be considered in both models, since it
represents the C] or ∆" ‡ of a system when the activation voltage is zero. If a system does not
require any type of energy input to be disrupted, then the dissociation reaction is favorable,
as stated by the TST. In the C] model, the intercept is 0.73503 eV, while in the ∆" ‡ model,

the intercept is -809.29711 kJ/mol. Thus, the C] model is implying that the amount of energy
required to disrupt a system, when the activation voltage needed is zero, is greater than zero.
However, the ∆" ‡ model implies that a system that does not require an activation voltage to

be disrupted, has a negative ∆" ‡ , meaning that such reaction is spontaneous. If a reaction
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does not require any energy input to be dissociated, it is expected for it to be spontaneous,
which agrees with the ∆" ‡ model.
Overall, the Gibbs energy model is much more accurate than the activation energy
model. By using the ∆" ‡ model, both the enthalpy and the entropy of the different system is
accounted for, and therefore, there is a possibility that the model can be applied to evaluating
the different energetics of much larger and complex systems. It is also important to note that
in the ∆" ‡ model, the charge of the molecule is not relevant while in the C] model, the charge

is relevant. It is also important to note that knowing the ∆" ‡ provides much more information
than just knowing the C] alone, since it accounts for both the different microstates of a system
and the internal energy of the system.
For future work, more dissociation experiments need to be performed in order to
include more points into the model. The points from the model presented from this thesis are
only from two different species. Thus, more experiments, from different species, should be
performed in the future if this model is wished to be extrapolated into other systems. It should
also be evaluated if this model fits much larger systems, by performing different dissociation
experiments of such systems and evaluating if they fit the model or not. If larger systems do
not follow this model, further parameters need to be accounted for.
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9. Supporting Information
9.1 Bradykinin
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Figure 18. Mass Spectrum of Bradykinin Charge State 1+ with activation voltages ∆D =
0D, 100D, 130D xz8 180D. The ordinate represents the abundance in counts and the
abscissa represents the m/z.
Bradykinin Charged State 1+
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Figure 19.! Abundance Decay of the Parent Ion Bradykinin Charge State 1+. The
Abundance of charge state 1+ was plotted against the activation voltage in each
measurement. The ordinate represents the abundance in counts and the abscissa represents
the activation voltage in V.
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Bradykinin Charged State 1+

Experimental Results Ion Abundance Parent Ion
Boltzmann Fit
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Figure 20. Fitted Abundance Decay of the Parent Ion Bradykinin Charge State 1+. A
Boltzmann fit was used to determine the activation voltage at half width, which was
determined to be the critical activation voltage used in the model. In this case, the activation
voltage is 132.34V with a standard deviation of 1.95V and the Adjusted R2 is 0.96201,
therefore, the model is a good fit for the data.
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Figure 21. Mass Spectrum of Bradykinin Charge State 2+ with activation voltages ∆D =
0D, 50D, 70D xz8 100D. The ordinate represents the abundance in counts and the abscissa
represents the m/z.
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Bradykinin - Charged State 2+
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Figure 22. Abundance Decay of the Parent Ion Bradykinin Charge State 2+. The
Abundance of charge state 2+ was plotted against the activation voltage in each
measurement. The ordinate represents the abundance in counts and the abscissa represents
the activation voltage in V.
Bradykinin Charged State 2+
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Figure 23. Abundance Increase of the Most Significant Fragment Ion of Bradykinin
Charge State. The Abundance of the fragment y7 was plotted against the activation voltage
in each measurement. The ordinate represents the abundance in counts and the abscissa
represents the activation voltage in V. The fragment y7 was studied because it was the most
significant fragment of bradykinin when activated, according to literature.
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Bradykinin Charged State 2+

Experimental Results Ion Abundance Parent Ion
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Figure 24. Fitted Abundance Decay of the Parent Ion Bradykinin Charge State 2+. A
Boltzmann fit was used to determine the activation voltage at half width, which was
determined to be the critical activation voltage used in the model. In this case, the activation
voltage is 71.76V with a standard deviation of 0.44 and the Adjusted R2 is 0.98957, therefore,
the model is a good fit for the data.
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Figure 25. Abundance Increase of y7, the Most Significant Fragment Ion of Bradykinin
Charge State 2+. A Boltzmann fit was used to determine the activation voltage at half width,
which was determined to be the critical activation voltage used in the model. In this case, the
activation voltage is 69.90V with a Standard Deviation of 0.94V and the Adjusted R2 is
0.93054, therefore, the model is a good fit for the data.
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Bradykinin Charged State 3+
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Figure 26. Mass Spectrum of Bradykinin Charge State 3+ with activation voltages ∆D =
0D, 22D, 32D xz8 42D. The ordinate represents the Abundance in counts and the abscissa
represents the m/z. Because of the instability of charge state 3+, there was post TIMS
fragmentation. Meaning, that even before the analyte was activated, there was fragmentation
due to the settings of the instrument, which is why there are some fragments on the spectra
of ∆D = 0D.
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Figure 27. Abundance Decay of the Parent Ion Bradykinin Charge State 3+. The
Abundance of charge state 3+ was plotted against the activation voltage in each
measurement. The ordinate represents the abundance in counts and the abscissa represents
the activation voltage in V.
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Bradykinin Charged State 3+
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Boltzmann Fit
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Figure 28. Fitted Abundance Decay of the Parent Ion Bradykinin Charge State 3+. A
Boltzmann fit was used to determine the activation voltage at half width, which was
determined to be the critical activation voltage used in the model. In this case, the activation
voltage is 31.51V with a Standard Deviation of 0.50V and the Adjusted R2 is 0.98025,
therefore, the model is a good fit for the data.
9.2 Leucine Enkephalin
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Figure 29. Mass Spectrum of Leucine Enkephalin Charge State 1+ with activation
voltages ∆D = 0D, 50D, 62D xz8 78D. The ordinate represents the Abundance in counts and
the abscissa represents the m/z.
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Leucine Enkephalin Charged State 1+
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Figure 30. Abundance Decay of the Parent Ion Leucine Enkephalin Charge State 2+.
The Abundance of charge state 1+ was plotted against the activation voltage in each
measurement. The ordinate represents the abundance in counts and the abscissa represents
the activation voltage in V.
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Figure 31. Abundance Increase of the Most Significant Fragment Ion of Leucine
Enkephalin Charge State 1+. The abundance of the fragment b4 was plotted against the
activation voltage in each measurement. The ordinate represents the abundance in counts and
the abscissa represents the activation voltage in V. The fragment b4was studied because it
was the most significant fragment of bradykinin when activated, according to literature.
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Leucine Enkephalin Charged State 1+
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Figure 32. Fitted Abundance Decay of the Leucine Enkephalin Charge State 1+. A
Boltzmann fit was used to determine the activation voltage at half width, which was
determined to be the critical activation voltage used in the model. In this case, the activation
voltage is 59.57V with a Standard Deviation of 0.26V and the Adjusted R2 is 0.99286,
therefore, the model is a good fit for the data.
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Figure 33. Abundance Increase of b4, the Most Significant Fragment Ion of Leucine
Enkephalin Charge State 1+. A Boltzmann fit was used to determine the activation voltage
at half width, which was determined to be the critical activation voltage used in the model.
In this case, the activation voltage is 54.17V with a Standard Deviation of 0.20 and the
Adjusted R2 is 0.99927, therefore, the model is a good fit for the data.
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9.3 Calculation of Gibbs Energy of Activation
To calculate the enthalpy, entropy and Gibbs energy of activation, the effective
temperature needs to be calculated. According to Eq. (21), the data needed to calculate the
effective temperature is the temperature of the buffer gas, the molecular weight of the buffer
gas, the reduced mobility, the standard and buffer gas pressure and temperature, the
activation voltage and the distance.
Gpqq

GHI JF ∆D U
1
= GHI +
S mBF
n
3^
GF J 8

(21)

The temperature of the buffer gas is 305 K and standard temperature is 273.15 K. The
molecular weight of the buffer gas, N2, is 0.028014 kg/mol. The standard pressure is 1013.25
mbar and the pressure during the experiments is either 1.41 and 1.415, which depends on the
settings used during the measurement. The activation voltage is the same activation voltage
calculated in the two former parts of this section. The distance is 0.002m, which is the
distance between aperture -2 and deflector -2 of the interface of Tandem TIMS, which is the
section in which the activation voltage is applied to ions. The reduced mobility is calculated
using Eq. (21), which is calculated automatically while extracting the data.
Table 5 summarizes other data required to calculate the effective temperature and the
calculated effective temperature.
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Species
ko (m2/s) Activation Voltage (V)
Teff (K)
Bradykinin Charge State 1+
1.51E-04
132.339
7.25E+04
Bradykinin Charge State 2+
1.25E-04
71.762
14893.85512
Bradykinin Charge State 3+
1.10E-04
31.513
2442.905621
Leucine Enkephalin Charge 1.28E-04
59.574
10808.88271
State 1+
Table 5. Effective temperature for the four species evaluated. The effective temperature
was calculated using Eq. (21).
The activation enthalpy was calculated using Eq. (5), the activation entropy was calculated
using Eq. (8), and the Gibbs activation energy was calculated using Eq. (3). The temperature
used was the effective temperature calculated previously, and both Ea and A were gathered
from literature [17, 18]. The calculated values of all three parameters are compiled in Table
6.
Species
∆ã‡ (kJ/mol)
∆å‡ (kJ/mol)
∆ç‡ (kJ/mol)
Bradykinin Charge State 1+
-1.08E+03
-7.52E-02
4.37E+03
Bradykinin Charge State 2+
-1.68E+02
-1.48E-01
2.04E+03
Bradykinin Charge State 3+
3.56E+01
-1.01E-01
2.82E+02
Leucine Enkephalin Charge
State 1+
-5.62E+01
-5.11E-02
4.96E+02
Table 6. Activation enthalpy, entropy and Gibbs energy for the four analytes studied in
this thesis.
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