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Foreword

Multiscale and multiphysics simulation strategy is important to investigate complex
problems in nature because it provides a systematic method to understand underpin-
ning physics of the systems depending on the size. In this thesis, we discuss how
such multiscale and multiphysics simulation framework can explain and rationalize
the experimental observations in several nano- and bio-systems. Furthermore, we
exhibit the computational simulation methods that play major roles to rationally
design novel materials with desired properties in next generation nano electronic
devices, alternative energy materials, life science, and so on.

Chapter 1 reviews the significance of multiscale and multiphysics simulation
strategy. In this chapter, we briefly discuss the multiscale and multiphysics natures
in nano- and bio-systems, and detailed examples are contained in the next chap-
ters. Chapter 2 introduces an electric field induced conformational change mecha-
nism, which is responsible for the unique current-voltage (/-V') behavior of nano
device, negative differential resistance (NDR). In Chapter 3, the on/off kinetics of
the Stoddart-Heath rotaxane-based programmable molecular electronic switch is
discussed in terms of the free energy quantities. Chapter 4 explores sodium diffusion
through the aluminum-doped zeolite BEA system, and the effect of water uptake
amount is thoroughly discussed. This has importance for the application of zeolite
to proton exchange membranes for fuel cells (PEMFC). In Chapters 5 and 6, the
ion mobilities of tertiary and quaternary ammonium cations (precursors for lipids),
and phosphatidylcholine (PC) lipid cations are investigated, respectively. In order to
compute the ion mobilities of the precursors and entire lipids, we develop a modified
trajectory (TJ) method dealing with the complicated integrals of interaction terms.
QM and MD simulations are performed to determine the structures and charge dis-
tributions. In Chapter 7, we study how the model lung system of lipid monolayer
with surfactant protein B (SP-B) responds to ozone introduction. In parallel with
the field induced droplet ionization (FIDI) mass spectrometry study, MD simula-
tions identify the distinct ozone reaction mechanism at the interface, and the role
of SP-B at the pulmonary surfactant (PS) system on the oxidative stresses. From
these studies, we suggest various multiscale and multiphysics modeling approaches
depending on the characteristics of systems and objectives. These efforts allow us

vii
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to overcome the limited time- and length-scales of the monoscale simulations. In
addition, we expect that an establishment of such multiscale modeling procedures
will invoke interdisciplinary studies by tightly combining the developments occur-
ring independently across fields.
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Chapter 1
Introduction

Abstract Many chemical and physical problems in complex systems such as nano-
and bio-systems have multiscale and multiphysics characteristics. To understand
these systems, we developed multiscale and multiphysics simulation methods by
overcoming the limitations of time- and length-scales. Here the key issue is to extend
current computational simulation methods to be useful for providing microscopic
understanding of complex experimental systems. We discussed the multiscale sim-
ulation approaches in nanoscale metal-insulator-metal junction, molecular memory,
ionic transport in zeolite systems, dynamics of biomolecules such as lipids, and
model lung system. Based on the cases discussed here, we expect that multiscale
modeling procedures will be an interdisciplinary tool that can combine the develop-
ments occurring independently across fields.

Generally, a great number of chemical and physical problems in real-life have
multiscale and multiphysics features. Many observable physical quantities originate
from multiple physical phenomena working cooperatively at different time- and
length-scale. Interestingly, it is well known that different regimes are interpreted in
terms of the different physics, which are inter-connected to each other through the
“coarse-graining of the scale.” Exemplifying, quantum mechanics (QM) governs the
physics between nuclei and electrons. Classical mechanics (CM) governs the atomic
or molecular dynamics on the complex energy surface, which is the outcome of the
quantum mechanical interactions. The material flow is described by rheology, which
coarse grains the particles into a continuum. Here, the governing parameters of such
rheology are determined by the inter-molecular interactions.

Computational simulation methods, along with statistical mechanics, have been
employed as a useful tool to expand our knowledge of microscale events and connect
them into macroscopic observances. Thanks to the development of many simulation
methods at various scales and the combination of these methods within a multiscale
and multiphysics simulation paradigm (Fig. 1.1), computational simulation is now
regarded as an indispensable tool for the new advancement in science and engi-
neering. In a good number of cases, computer simulations efficiently supplement
experiments in interpreting observations, otherwise research would be too expensive
or dangerous. On the contrary, in many others, computer simulations are the only

H. Kim, Multiscale and Multiphysics Computational Frameworks for Nano- 1
and Bio-Systems, Springer Theses, DOI 10.1007/978-1-4419-7601-7_1,
© Springer Science+Business Media, LLC 2011
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Fig. 1.1 Multiscale and Multiphysics paradigm simulation strategy

possible choice to probe the complicated phenomena. In this context, the tremen-
dous quest for ever-higher levels of detail and realism in such simulations, contribute
to the inexorable demand for new theory, methods, and computational tools.

Currently, an enormous amount of research is focused on nano- and bio-systems.
Research on nano-systems is most often centered on predicting nanoscaled transport
properties such as electron, thermo, and mass transportations for the application of
next-generation electronic devices or alternative energy materials. Research on bio-
systems has significant potential in life science and medical applications. In particu-
lar, such nano- or bio-systems have a strong multiscale and multiphysical nature
within them, intriguing the quest for the development of an elaborated method-
ology to understand the scale-dependent physics. Specifically, in nano-systems
(Fig. 1.2), electron transport through a molecule is strongly dependent on the energy
eigen states of the molecule (QM regime), which are affected by the molecular/
atomic conformations and motions (CM regime). When we design an engineer-
ing process for manufacturing electronic device such as ultimate complementary
metal-oxide-semiconductor (CMOS) electronics using novel materials, continuum
level theory and simulations are important. In bio-systems (Fig. 1.3), lipid lay-
ers encapsulate cells and control fluidity and surface tensions, which are macro-
scopic/hydrodynamic regime quantities. These macroscopic changes are yielded by
the inter-molecular interactions at the interface (CM region). In the lower scale,
such molecular interactions are often tuned by chemical reactions such as a proton
transfer, which has a strong QM effect.
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Fig. 1.2 Multiscale and Multiphysics characteristics in nano electronic systems. At electron size
scale, electrical conductivity depends on the quantum states of the molecules. At molecular size
scale, classical interactions determine the molecular conformation, which affects its quantum state.
At device size scale, hundreds of molecules are assembled to build a mesoscale junction and these
are packaged into a device component. Courtesy of Dr. Jang Wook Choi; Korea Advanced Institute
of Science and Technology (scanning electron microscope image of the nano electronic system in
the bottom-middle panel)

Within contemporary computing power, direct use of first principle computa-
tional methods is limited by an order of ~1,000 atoms and an order of pico to nano
seconds. Thus, for managing many practical issues in using computational simula-
tion methods which often involve a large length- and long time-span, we need to
overcome the limitations in simulation scales. In this thesis, several cases of nano-
and bio-systems are presented; (1) we understand them by capturing fundamental
nanoscale intrinsic and extensive properties, then, (2) we define the macroscopic
behavior observed from experiments based on the microscopic understandings.

The first half (Chapters 2—4) discusses the multiscale and multiphysics simula-
tion approaches for nano-systems.

In Chapter 2, we investigate a negative differential resistance (NDR) effect
observed from a metal/molecular SAM/metal junction. Amino- and nitro-
substituted oligo-phenylene ethynelene (OPE) molecules in the self-assembled
monolayer (SAM) have a large molecular dipole moment, which responds to the
external electric field. Hence, applying the bias voltage induces the conformational
changes of the individual molecules and thereby yield a structural transition of the
SAM. Such a conformational change is in the regime where the molecular dynamics
(MD) simulation is useful. However, the kinetics during the structural relaxation of
the SAM requires larger scale simulation methods. On the other hand, electrical
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Proton transfer

Fig. 1.3 Multiscale and Multiphysics characteristics in bio systems. At electron size scale, chem-
ical reactions, which are governed by huge QM effects (e.g. electron/proton transfer), regulate
the molecular architecture of the protein for an effective functionality. At molecular scale, CM
describes the interactions, such as hydrophobic interaction, among the bio components of proteins,
lipids, etc. Large scale motion of the membrane, such as endo- or exo-vesiculation, is in the regime
of hydrodynamic descriptions, and this affects the dynamics of a cell. Courtesy of Dr. Tod A.
Pascal; California Institute of Technology (trans-membrane protein figure in the top-right panel).
Optical microscope image of the cells (bottom-left panel) is obtained from the National Institutes
of Health (NIH) image bank

conductivities on the total -V curve are rooted in QM. In order to manage such a
complicated problem, we design a nearest neighbor (NN) model with lattice Monte
Carlo (MC) simulation, whose parameters are obtained by coarse-graining QM and
MD simulation results. The electrical conductivities depending on the conforma-
tions are parameterized using non-equilibrium Green function theory combined
with QM.

In Chapter 3, on/off kinetics of the molecular switch, bistable [2]rotaxane
is discussed. The rotaxane has been intensively studied because of its interest-
ing properties, which are attributed to the molecular recognition between charge
donor and acceptor. The shuttling motion of electron accepting cyclobis-(paraquat-
p-phenylene) (CBPQT**) between the charge donating stations such as tetrathi-
afulvalene (TTF) and 1,5-dioxynaphthalene (DNP) moieties, has brought many
applications such as molecular switch in nanoelectronics and artificial muscle in
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nanomechanics. Therefore, comprehensive understanding of the free energy barrier
required for this shuttling motion is essential. In addition, the fine control of the free
energy barrier can open an application of the rotaxane system toward non-volatile
flash memory devices, which has not yet achieved. Since the ring and backbone
form a charge transfer complex, the local charge distribution (QM effect) strongly
determines the free energy profiles for the rings shuttling. However, the time scale
for the shuttling is order of ws, which is beyond the available time scale of atom-
istic simulations. To handle such difficulties, we perform a “blue moon sampling
technique” with MD simulations, which allows an effective sampling using a series
of constraint MD simulations. The change of potential energy surface depending
on the charge transfer amount is reflected on the MD simulations using various
Mulliken charge populations from QM calculations according to the ring’s location.
The free energy barrier from the TTF station to the DNP station is evaluated as
19 kcal/mol when the system is neutral and 8-9 kcal/mol for the oxidation states
+1 and +2, and the free energy barrier from the DNP station to the TTF station is
18 kcal/mol, 22-23 kcal/mol, and 32-33 kcal/mol for the neutral and the oxidation
states +1 and +2, respectively. These values are quite comparable to the values that
were obtained from various prior experiments, and greatly explain the microscopic
ground for the on/off switching kinetics of the molecular switch.

In Chapter 4, the diffusion process of sodium ion in the aluminum-doped zeo-
lite BEA system is studied. Understanding the ionic diffusion through a percolated
pore of the zeolite is important for the application of the zeolite to proton exchange
membranes for fuel cells (PEMFC). Especially, investigating the role of the confined
water is vital because it provides a medium for transport of the ions. The amount
of water swelled into the PEMFC depends on the macroscopic variables, such as
pressure and temperature, where the PEMFC is working. Thus, combining the grand
canonical Monte Carlo (GCMC) simulations (for the study of water uptake amount)
with MD simulations (for the study of confined water structure), we investigate the
effect of water on the sodium diffusion. We observe a first-order-like transition from
the absorption isotherm, inferring that zeolite provides a hydrophobic environment.
From MD trajectories, we observe the sodium ions diffused via a hopping mecha-
nism among aluminum-doped sites (which are Bronsted acid sites). We figure out
that, above 15 wt.% hydration (good solvation regime), the solvation cage is eas-
ily formed, and dramatically increases sodium diffusion by reducing the hopping
energy barrier by 25% from the value of 3.8 kcal/mol observed in the poor solvation
regime.

The second half (Chapters 5—7) discusses the multiscale and multiphysics simu-
lation approaches for bio-systems. In particular, we scrutinize lipid systems, which
have critical roles in cell structure, energy storage and metabolic control, using com-
putational methods in collaboration with gas-phase experiments.

In Chapter 5, we study the ion mobility of a number of tertiary amine and quater-
nary ammonium cations in gas-phase. These tertiary amine and quaternary ammo-
nium cations are related to the choline and its derivatives, which are precursors for
lipids such as a phosphatidylcholine and sphingomyelin. For example, choline is
oxidized to betaine, which is readily demethylated to yield N, N-dimethylglycine.
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Decomposition of choline yields trimethylamine and dimethylamine. Ion mobility
in gas phase is determined by the collision of the ion with drift gas molecules.
Utilizing the kinetic theory under the assumption of binary collision, the ion mobil-
ity in gas-phase is formulated as a complex integration of interaction terms between
the ion and the drift gas molecule. We develop a methodology (referred to as mod-
ified trajectory (TJ) method) for the numerical integrations of complex interaction
terms for the case where the ion drifts within the N; buffer gas. Since the inter-
action terms depend on the electron distribution and molecular conformation, the
gas phase structures and the charge distributions are investigated using QM cal-
culations. Then, ion mobilities are calculated using the modified TJ method. The
calculated ion mobility is in agreement with the experimental value, and it well
explains the observed mass-mobility correlation of tertiary amine and quaternary
ammonium cations, in terms of the asymmetry of the shape. In addition, computa-
tional numerical study allows us to identify the role of each interaction term (van
der Waals interaction, ion-induced dipole interaction, ion-quadrupole interaction,
charge-charge interaction) on the ion mobility at the border-line regime, which
lies between the regime where the long-range interactions are dominant (small
ion size) and the regime where the short-range interactions are dominant (large
ion size).

In Chapter 6, we expand the ion mobility study of lipid precursors in Chapter 5
into the study of the intact lipids of phophatidycholines (PC). Since the PC con-
tains a flexible acyl chain, the molecular fluctuation changes the mobility of the
PC cation. Taking the molecular fluctuation effect into account, 200 conformations
are sampled from the MD simulations, then, the average collision cross-section is
computed using the modified TJ method for the calculation of ion mobility. Here,
for the experimental section, a commercial traveling wave ion mobility spectrometry
(TWIMS) has been employed. Our simulation results exhibit a good agreement with
the experimental values. In particular, we reveal that the traveling wave applied in
the experiments excites the ions. Since this excitation yields a less compact form of
saturated PCs, while unsaturated PCs can not form such a stretched conformation
due to the rigid double bonds, we observe distinct mass-mobility correlation lines
for the saturated PC cations and for the unsaturated PC cations.

In Chapter 7, a model lung surfactant system composed of lipid monolayer with
surfactant protein B (SP-B) is examined. Lung disease is the third leading cause of
death in United States, and concerns about chronic respiratory tract disease increase
significantly as the level of air pollution increases. Thus, chemical and physical
comprehensions about the response of pulmonary surfactant (PS) system to ozone
(O3), one of the most common air pollutants, are required. Due to the interfacial
characteristic of PS, the ozonolysis of PS can undergo different pathways accord-
ing to the reaction environment, especially, depending on whether or not the reac-
tion occurs under water-rich conditions. From the multiscale/multiphysics point of
view, the ozonolysis is the result of the QM effect, but the reaction environment
is determined by the location of each component, which is the outcome of the
CM interactions among the molecules. In addition, the change of physical prop-
erties of PS (e.g. surface tension) is in the regime of larger-scale physics such as
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hydrodynamics. In this chapter, a complete study on the response of lipid mono-
layer to O3 is achieved at the air-liquid interface when O3 is introduced from the
air. The chemical composition changes during the heterogeneous O3 reaction are
analyzed using field induced droplet ionization (FIDI) mass spectrometry, which
exhibits quite a different reaction pathway to the bulk-phase ozone reaction. Our
MD simulation provides molecular level understanding and rationalization for the
observed distinct reaction pathways.

Depending on the characteristics of systems and the objectives that we want
to figure out, as exemplified in this thesis, distinct approaches are required to
explain the actual observations from experiments. Based on the cases discussed
here, we suggest various systematic strategies to overcome the limitations in time-
and length-scales of the traditional monoscale approaches. In addition, due to the
nature of multiscale and mutiphysics phenomena, we expect that a concrete estab-
lishment of the fundamental multiscale modeling procedures will invoke interdis-
ciplinary studies by tightly combining the developments occurring independently
across fields.



Chapter 2

Negative Differential Resistance of Oligo
(Phenylene Ethynylene) Self-Assembled
Monolayer Systems: The Electric Field Induced
Conformational Change Mechanism

Abstract We investigate here a possible mechanism for the room temperature
Negative Differential Resistance (NDR) in the Au/AN-OPE/RS/Hg self-assembled
monolayer (SAM) system, where AN-OPE = 2’-amino, 5 -nitro oligo (phenylene
ethynylene) and RS is a C14 alkyl thiolate. Kiehl and co-workers showed that this
molecular system leads to NDR with hysteresis and sweep-rate-dependent position
and amplitude in the NDR peak. To investigate a molecular basis for this interesting
behavior, we combine first principles quantum mechanics (QM) and meso-scale lat-
tice Monte Carlo (MC) methods to simulate the switching as a function of voltage
and voltage rate, leading to results consistent with experimental observations. This
simulation shows how the structural changes at the microscopic level lead to the
NDR and sweep-rate dependent macroscopic /-V curve observed experimentally,
suggesting a microscopic model that might aid in designing improved NDR systems.

2.1 Introduction

Esaki’s discovery of the negative differential resistance (NDR) in Ge p-n diodes
opened a new phase in semiconductor devices [1]. Since the NDR devices enable
faster and more efficient circuits by reducing the number of transistors required,
they have many applications such as high-speed integrated circuits and low-power
memories. As the scale of electronic devices is reduced toward nano-scale sizes, it
would be useful to demonstrate NDR in molecular electronic systems [2—13].
Derivatives of oligo (phenylene ethynylene) (OPE) have been identified as a good
candidate for the molecular junctions due to its rigid and good conducting (fully
conjugated) characteristics [9, 11-19]. Chen et al. reported that a SAM of amino-
nitro substituted OPE (AN-OPE) between two Au electrodes exhibits NDR at 60 K
with an applied voltage of ~2 V. The current-voltage (/-V') curve is fully reversible,
but the NDR peak decays as the temperature increases. This NDR has been rational-
ized by the electrochemical oxidation/reduction or resonant-tunneling mechanism
[15—17]. Support for this oxidation/reduction mechanism was the correspondence

H. Kim, Multiscale and Multiphysics Computational Frameworks for Nano- 9
and Bio-Systems, Springer Theses, DOI 10.1007/978-1-4419-7601-7_2,
© Springer Science+Business Media, LLC 2011
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between the threshold potential for the electrical conductance (2.09 V) and the elec-
trochemical potential (1.67 V) [15, 19].

The device showing NDR at room temperature (RT) is important for many prac-
tical applications [20, 21]. However, the poor reproducibility in device construction
and the limited device stability have hampered extensive study on NDR. Kiehl and
co-workers showed that a SAM of AN-OPE deposited on an Au electrode coupled
to a Hg electrode covered with a tetradecane-thiolate (RS) leads to a well-defined
and stable NDR at RT [9]. In this system, a distinct sweeping-rate-dependency in
the NDR hysteresis loop was observed for a bias voltage near ~0.6 V. The presence
of hysteresis rules out the resonant tunneling mechanism [5-8, 10]. Based on the
observed hysteresis and a variety of detailed features of the characteristics, they pro-
posed a charge capture (QC) mechanism to explain the macroscopic /-V behavior.
However, an atomistic level analysis of a charge capture process and other possible
mechanisms has not yet been established.

Several studies suggest that the conformational change would be a plausible
mechanism to explain hysteretic /-V curve [14, 22], and the external electric field
can induce conformational change of the molecule in the junction [14, 23-26]. Espe-
cially, Donhauser et al. reported STM studies in which isolated AN-OPE molecules
contained in a dodecane-thiolate SAM on the Au substrate show at least two states
having different conductances [14]. They showed that the transition from the high-
conductance state to the low-conductance state is switched by applying external
electric field. However no detailed atomic level description of the mechanism was
provided.

In this chapter, we use first principle theory to analyze the sweeping-rate-
dependent hysteresis of NDR observed in Kiehl’s system, focusing on the possibility
of electric field based conformational changes. We find that this system has two
states:

e a high-conductance phase stable at low field (planar structure) and
e alow-conductance phase stable at high field (twisted structure).

The transition between the two phases is driven by the interaction between the
external field and the molecular dipole moment of the middle phenylene ring in
AN-OPE. This leads to consistent results with the charge capturing mechanism of
Kiehl. Using coarse-grained Monte Carlo simulations, we investigated how such a
molecular conformational change results in a sweep-rate-dependent hysteresis in the
NDR as well as the detailed kinetics of transition.

2.2 Simulation Details

2.2.1 Computational Details of QM Calculations

To obtain the structures and energies of planar (P) and twisted (T) structures, we
carried out QM calculations for a (1 x 1) periodic unit cell. We employed the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation exchange-correlation
density-functional with a plane wave basis set (540 eV cutoff), using the Vienna
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Ab initio Simulation Package (VASP) [27]. Only the gamma point is sampled in
reciprocal space to reduce computational cost for this large system (67 atoms per
periodic cell). For the electrodes, we used 3-layer of Au (111) surface with all gold
atoms fixed at their bulk value (¢ = 2.8838 A) during the geometry optimization
steps. The OPE molecules were anchored on the 3 x 3 Au (111) surface through
sulfur atoms with hexagonal packing.

To understand the local electronic structure and local interactions of the
AN-OPE part, we performed non-periodic QM calculations of the isolated OPE with
3 connected Au atoms, using Jaguar package [28] with PBE exchange-correlation
functional and LACVP** basis set. Using the geometries from VASP calculations,
we carried out the single point calculations.

2.2.2 Conductivities of P and T Conformations (NEGF
Calculations)

The /-V performance of each conformation is calculated by combining Green’s
function theory with the DFT Hamiltonian that are determined from the SeqQuest
calculation with PBE functional [29, 30]. The current is calculated using following
equation:

2 o0
I (v) = f/ T (E,V)[fi (E, V) - f2(E, V»)]dE, 2.1)

where T (E, V) is the transmission function for the AN-OPE SAM part.

2.2.3 Coarse-Grained NN Interacting Hamiltonian

The NN interacting Hamiltonian which describes the AN-OPE SAM is

N
H = Z (Eitorsion (x) — D,'F) + Z Uij! 2.2)

i=1 NN

where E[°" sion (x) is the internal torsional energy of the i-th AN-OPE molecule
due to twisting the AN-OPE by an angle x, D; is the [0001] component of the
dipole moment of the i-th AN-OPE, F is the [0001] component of the external
electric field, U;; is the intermolecular interaction energy between i-th and j-th
AN-OPE, and summation over NN denotes that the summation is over nearest
neighbors. There are two interactions each for three directions: [1010], [0110],
and [1 120]. To avoid double counting, however, we used just one interaction per
direction.

2.2.4 Extracting NN Model Parameters from QM/FF Energies

The U;; terms when {i, j} C P or {i, j} C T were determined from the Jaguar cal-
culations (vide infra). In order to extract U;; when {i e P, j e T}or {i € T, j € P},
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we need to investigate inter-OPE interaction in the packed system from a larger
simulation cell containing more than one OPE. Since this is too expensive for QM
calculations (268 atoms), we used a simple DREIDING Force Field [31] (FF) in
which the charges are based on QM. We considered six possible packings within a
(2 x 2) unit cell:

AP: all P’s,

AT: all T’s,

P3T1:3P’sand 1 T,

P2T2,470: 2 P’s and 2 T’s aligned along [1010],
P2T2,i,: 2 P’s and 2 T’s aligned along [0110],
P2T2,,5,: 2 P’s and 2 T’s aligned along [1120],
PIT3: 1 Pand 3 T’s.

The FF energies are shown at Fig. 2.1a, b for when no external electric field
and 1.2 V/A external electric field is applied, respectively. Using FF energies under

8 | ] under the E-field

I without E-field
12

[ || |
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Energy per AN-OPE (kcal/mol)
A
=z

0 2 % 9, 9, 9 o
o3 63 05 67 o O3 63
4, b‘? A. A A. b, 4

o Tory R0y Topy Topy iy A1

70,\0 07,5 77?5

Fig. 2.1 (a) Energies of various conformations of AN-OPE relative to the AP conformation com-
puted with a 1.2 V/A external field from FF calculations (black histograms) and NN model calcu-
lations (orange histograms). (b) Energies of various conformations of AN-OPE relative to the AP
conformation computed with no external field from FF calculations (black histograms), NN model
calculations (orange histograms), and QM calculations (green histograms)
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Table 2.1 AN-OPE interaction energies, U;;, for Monte Carlo (MC) calculations

[1010] Pair [0110] Pair [1120] Pair
{i.j}cP -3.95 —5.00 -7.19
{i,jycT ~7.66 -3.12 —0.61
{ieP,jeTlor{i eT,jeP} —5.70 —2.56 3.13

All energy values are in kcal/mol.

zero external field, the U;; terms when {i € P, j € T} or {i € T, j € P} were fitted.
Values are in Table 2.1.

The torsional energy, Ei"’m(’" is estimated from the energy versus twisting angle
x curve (Fig. 2.2), leading the 0.01 kcal/mol per AN-OPE when i € P, and
0.23 kcal/mol when i € T. The D; values were optimized to fit the energies from
Hamiltonian in Eq. 2.2 to FF energies under 1.2 V/A external field. The fitted values
are D; = 5.48 debye per AN-OPE for P and 7.30 Debye for T, which are quite
comparable to the dipoles from Mulliken charge analysis, D; = 5.74 Debye per
AN-OPE for P and 7.03 debye for T.

Energ%alfmol}

-180 -120 -60 0 60 120
Twisting Angle (*)
Fig. 2.2 Torsional strain energy E!°" sion aq a function of twisting angle x from QM (PBE) on the
isolated molecule. The energy at x = 4° (corresponding to P) is 0.01 kcal/mol higher than the
ground state energy at x = 0°. The energy at x = 160° (which corresponds to T) is 0.23 kcal/mol
higher than the energy at x = 0°, leading the 0.22 kcal/mol higher E}"”""” of T compared to
Elgorsinn of P

All MD simulations with DREIDING FF were performed using LAMMPS
(large-scale atomic/molecular massively parallel simulator) MD code from Plimp-
ton at Sandia [32, 33]. The equations of motion were integrated using the velocity-
Verlet algorithm [34], with a time step of 1.0fs.

2.2.5 Coarse-Grained MC Simulations

The 2-dimensional rhombic MC simulation cell containing (50 x 50) lattice points
with periodic boundary conditions. The MC simulations used the Metropolis
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algorithm (our own code). Each Monte Carlo Step (MCS) is defined as 2,500 MC
trials with a fixed external field applied in the z-direction. Our MC simulations are
similar to the study of an Ising model in a time-dependent magnetic field [35].

2.3 Results and Discussion

2.3.1 Two Conformations of AN-OPE

Figure 2.3a shows the minimized conformation of AN-OPE determined from the
periodic DFT calculation. The three phenylene rings are coplanar, forming a well-
conjugated structure, which we label as P (for planar). Here the lowest ring is con-
nected to the Au electrode via a thiolate group. The middle ring (containing the
functional groups) has a twist angle of x = 4° with respect to the bottom ring
(x = 0° for the isolated OPE). This structure packs on the Au surface as (3 x 3),
with the axis of the molecule along the [1100] direction, and a tilt angle 6 = 66°
from the z-axis. The adjacent amino and nitro groups form hydrogen bonding (HB)
networks along the [1120] direction.

To understand the local electronic structure and local interactions of the organic
molecular part, we performed a single point non-periodic QM calculation of an
isolated OPE. The polar amino and nitro groups lead to a large dipole moment of
9.24 (7.22) debye with the z-axis component ([0001]) of 5.74 (3.55) debye, the
component along [1100] (tilt direction) of 4.44 (3.35) debye, and the component
along [1120] (HB direction) of 5.72 (5.32) debye. These dipole moments were
determined from the analysis of Mulliken charges, while the values in parenthesis
are from quantum mechanical wave-functions.

The inter AN-OPE interaction energies on the SAM, U;; are determined from
the difference between dimer energy and doubled monomer energy:

Uij = E2x(AN—OPE w/ 3Au) — 2 X EAN—_OPE w/ 3Au> (2.3)

where we included three Au atoms connected to the sulfur atom.

The value of U;; between two P’s are shown at Table 2.1, especially, U;; along
[1120] direction shows the largest stabilization energy of —7.19 kcal/mol, due to
the HB interaction.

Figure 2.3b shows the T (for twisted) conformation, which is 4.85 kcal/mol less
stable than P. The middle and terminal phenyl rings are rotated from the bottom
one by y = 160°. Although we note that this twist angle is not stable for the iso-
lated AN-OPE, it becomes meta-stable in the packed system (Fig. 2.2). The rotation
of the middle ring changes the direction of amino/nitro groups along [1010] from
[1120], leading the hydrogen bond network to be aligned along [1010]. The axis
of the molecule is at & = 71° from the z-axis, which makes the T lies more down
than the P. The height of the terminal phenyl ring of T is 7.60 A while that of P
is 8.73 A from the Au surface. The lower height of T is comparable to the Don-
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Bl Low Field Structure
(Planar Structure)

I High Field Structure
(Twisted Structure)

Fig. 2.3 (a) Optimized geometry for the low field structure (P) of AN-OPE SAM. Here [0001]
is the surface normal and the views are along z-axis (upper middle), y-axis (lower middle), and
x-axis (lower right). The left picture is a perspective along the axis of one plane of molecules. The
hydrogen bonding network is aligned along the [1 120] direction. (b) Optimized geometry for the
high field structure (T) of AN-OPE SAM. Here [0001] is the surface normal and the views are
along z-axis (upper middle), y-axis (lower middle), and x-axis (lower right). The left picture is a
perspective along the axis of one plane of molecules. The hydrogen bonding network is aligned
along the [1010] direction

hauser’s observations from the STM experiment that exhibits ~3 A lower height of
low conductance phase to higher conductance phase [14].

The dipole moment of T is 8.71 (6.88) debye with the component along [0001]
of 7.04 (4.62) debye, a component along [1100] (tilt direction) of —3.32 (—3.40)
debye and a component along [1010] (HB direction) of 5.12 (5.10) debye.

The value of U;; between two T’s shown at Table 2.1. For T conformation, Uj;
along the [IOTO] direction (HB network direction) is the most stable with the value
of —7.66 kcal/mol.
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2.3.2 Electrical Conductivities of P and T

The electrical conductivity, o, was predicted using non-equilibrium Green’s func-
tion (NEGF) theory for P and T structures with QM on the (1 x 1) unit cell. These
calculations partition the tunneling Hamiltonian using the Gaussian basis function
representation. The semi-infinite electrode is calculated interactively using 3 explicit
layers of Au [29].

The experiments use a top Hg electrode covered with a tetradecane-thiolate (RS),
the atomic structure of which is not certain due to the amorphous character of the
Hg electrode and the fluctuations in the alkyl thiol at room temperature. Instead,
our calculations use a second 3-layer of Au (111) surface 12 A above the bottom
electrode. We also tested placing the top electrode in contact with the OPE, which
20 A above the bottom electrode.

The density of states (DOS) with the transmission function 7 (E) were com-
puted (Figs. 2.4 and 2.6), and these are used to obtain the /-V curve and the o-V
curve (Figs. 2.5 and 2.7). Over the range of 0-1.5V, we see that the average ratio
of op to o7 is 10 for the thickness of 12 A, and 163 for the thickness of 20 A.
Since ethe experimental value is ~13 fold larger op than o7, we adopted the case
of 12 A.

H Planar Structure n Twisted Structure
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Fig. 2.4 Density of state (DOS) and transmission function 7' (E) of P structure (a) and T struc-
ture (b). The top electrode is located 12 A above from the bottom electrode
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Fig. 2.5 (a) Current through P conformation, /p and current through T conformation, /7 versus
the bias voltage V determined from the NEGF calculations using the DOS and T(E) of Fig. 2.4. (b)
Conductivity of P conformation, op and conductivity of T conformation, o7 versus the bias voltage
V determined. The top electrode is located 12 A above from the botrom electrode. op is ~10 times
larger than o7

The calculated /-V curves lead correctly to a smaller o for the high field stable
phase. The difference in o is explained by two factors:

1. the loss of w-m orbital overlap due to the rotation of the middle phenyl ring
(which contributes to the conductivity through the molecules) and
2. the increase of vacuum distance due to the lower height of T phase.

Previous studies showed that the rotation of the ring by x reduces the conductivity
by factor of cos* x (Fig. 2.8) [36]. Thus, using the QM minimized structures, which
are twisted by 4° and 160°, yield an average ratio of op to or by ~1.3 times.
However, considering the distribution of angles from the MD, we find an average
ratio of op to o of ~3.5 times. (Details are discussed in Section 8.2.)

The minimized structures for P and T lead semi-log plots of 7-V curves (Fig. 2.5)
to show similar slopes for both phases, in disagreement with experiment showing
a slope ratio of ~3.2. From previous study [36], we found that the slope of the
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Fig. 2.6 Density of state (DOS) and transmission function 7 (E) of P structure (a) and
T structure (b). The fop electrode is located 20 A above from the bottom electrode

semi-log plot of /-V curve strongly depends on the x, and it decreases until almost
zero when the molecule twisted with x = 90° (Fig. 2.8a). This is a reasonable
result since the slope of semi-log plot is related to the height of tunneling barrier,
@ p which highly depends on the w-m orbital overlap. Therefore, consideration of
the twisted structure from MD simulations, which has a siginificant population near
90°, well explains the distinct difference between the slopes of semi-log /-V plots
for both structures observed in the experiment.

2.3.3 Response to Constant External Field

In order to describe the structural rearrangement process of the AN-OPE SAM,
we use a (50 x 50) unit cell containing 2,500 AN-OPE molecules. To describe
the dynamics of such a large simulation cell, we developed a simplified nearest
neighbor (NN) interaction Hamiltonian with the model parameters extracted from
QM and Force Field (FF) energies (Fig. 2.1). Important feature of the NN model
is that the energetically favorable state changes from P to T as the external elec-
tric field increases, due to the higher dipole moment along [0001] of the T phase.
In this model, the critical field for which the energies of both states are same is
F. =0.56 V/A.
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Fig. 2.7 (a) Current through P conformation, /p and current through T conformation, /7 versus
the bias voltage V determined from the NEGF calculations using the DOS and T(E) of Fig. 2.6.
(b) Conductivity of P conformation, op and conductivity of T conformation, o7 versus the bias

voltage V determined. The rop electrode is located 20 A above from the bottom electrode. op
is ~163 times larger than o7.

We simulated the response of the SAM of the P’s to the 1.2 V/A external field
during 1.2 x 10% Monte Carlo steps (MCS) at T = 300 K. Figure 2.9a, b show the
time evolution of the system starting with all P’s and ending with all T’s and the
population change with the electrical conductivity change during this P-to-T transi-
tion, respectively. There were no T states until just before 55,184 MCS, but within
the next 15 steps, half of the neighbors along [1 1§0] have transformed, and after
another 15 steps the entire [1 120] line is transformed to the T. Then, by 405,907
MCS, totally 19 [1 IQO] lines have transformed, which are all neighbors to the orig-
inal one. Then, at 486,389 MCS, we see that a second [1 120] swath has nucleated.
By 697,272 MCS, these two have grown to 28 and 7 adjacent lines but still just
two swathes, and from 697,273 MCS, they are merged into one swath. Finally, by
1,008,706 MCS the full system is transformed to T. Along with the decrease of the
P population, the total conductivity through the SAM also decreases.
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Fig. 2.8 Conductivities depending on the twisting angle are extracted from the previous study [36],
which are the results from NEGF calculations. (a) Semi-log plots of /-V curves shows that
the slope decrease as the twist angle approaches to 90°, which means that the tunneling barrier
from the bottom electrode to top electrode, ®p increases as the w-m orbital overlap decreases.
(b) Since the conductivity is dominated by the 7 -7 orbital overlap, we assumed that the conductiv-
ity between two phenyl rings, 5; = 1/R; is proportional to cos* (x;). From simple calculation leads
the total conductivity oy to be proportional to the cos* (x1) cos* (x2) / (cos4 (x1) 4 cos* ( Xi)),
which shows good agreement with the NEGF results

The analysis of the snapshots demonstrates that the time to complete the trans-
formation of each line in [1120] after initiation is 26.32 MCS, leading to the rate
constant of propagation, k[l 120) = 5.48 A/MCS. The k[llio] shows almost no depen-
dence on the temperature (Fig. 2.10a, top), which infers that the energy barrier for
the propagation is zero or quite negligible. Thus, once one AN-OPE is switched as
a nucleation, the transformation propagates quickly along the [1 120] line, which is
quite reasonable in terms of the energetic stability of P2T2, 5, (Fig. 2.1). Then,
another nucleation occurs for subsequent transformation of another [1120] line.
Typically this subsequent transformation takes place right next to the precedent
transformed line in the [1100] direction.

Therefore, the nucleation is the key step governing the time scale of the transition.
The middle panel of Fig. 2.10a shows the probability, P (¢) of exhibiting no nucle-
ation until time ¢. To obtain the nucleation time () when we have a transformed
[1120] line already, the nucleation events initiated next to [1120] line are analyzed
among the snapshots. The nucleation process is found to be a Poisson process, in
which P (¢) decays exponentially with time. The value of T was obtained as 5,583
MCS by fitting of P(z).
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Fig. 2.9 (a) Snapshots during P-to-T transition from MC simulation with 1.2 V/A external field.
The first nucleation is occurred at 55,184 MCS, then, the [1 150] line propagates until 55,214
MCS. More nucleation and propagation along [1 120] are taken place, and finally, the full system
is transformed by 1,008,706 MCS. We note that increased bias voltage yields a faster P-to-T tran-
sition. (b) Time dependence of P and T populations and electrical conductivity through the SAM
during P-to-T transition. (¢) Snapshots during T-to-P transition from MC simulation without an
external field. The first nucleation is occurred at 486,389 MCS, then, the [1 120] line propagates
until 486,410 MCS. More nucleation and propagation along [1120] are taken place, and finally,
the full system is transformed by 2,377,335 MCS. (d) Time dependence of P and T populations
and electrical conductivity through the SAM during T-to-P transition

To obtain the nucleation time () in the absence of [1 IQO] line, we carried out
additional 50 simulations to find when the first P transforms to the T, showing that
this process proceeds as a Poisson process with tgp = 274,193 MCS that is ~50 time
larger than t (Fig. 2.10a, bottom panel).

Figure 2.9c, d show the time evolution of the system with no external field start-
ing with all T’s and ending with all P’s and the population change with the electrical
conductivity change during this T-to-P transition, respectively. The overall process
is quite similar to that of P-to-T transition except for the detailed numbers. The first
nucleation occurred at 486,389 MCS, and then, the neighbors along [1 1.5,0] showed
fast transition to P within 21 MCS. While this swath is growing along [1 100] direc-
tion, the second and the third nucleation without next transformed line occurred
at 1,174,624 MCS and 1,239,313 MCS, respectively. Finally, the full system is
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Fig. 2.10 (a) P-to-T transition; (b) T-to-P transition; Top panels show the temperature dependence
of the propagation rate along [1 120], k[ 1130]- Middle panels show the probability, P (t) of exhibit-

ing no nucleation by time, ¢ for the case when the nucleation is initiated next to another [1 IQO] line.
The dotted lines is an exponential fit of P(¢). This leads to a nucleation rate of 7 = 5,583 MCS
for the P-to-T transition and 7 = 72,926 MCS for the T-to-P transition. Bottom panels show the
probability, P(t) of exhibiting no nucleation by time, ¢ for the case when the nucleation is initiated
in the absence of next [l IQO] line. The exponential fit leads to a nucleation rate of 7o = 274,193
MCS for the P-to-T transition and 79 = 357,135 MCS for the T-to-P transition

transformed to P by 2,377,335 MCS. During the transition, the total conductivity
through the SAM increases along with the decrease of the P population.

During T-to-P transition, the average time to complete each line of [1 IQO] growth
is 25.38 MCS, leading to k[llio] = 5.68 A/MCS with no temperature dependency
(Fig. 2.10b, top panel).

The nucleation times are studied in the same manner with the P-to-T transition.
The nucleation process follows Poisson process with the v = 72,926 MCS and
79 = 357,135 MCS in the presence and the absence of the next transformed [1 120]
line, respectively (Fig. 2.10b, middle and bottom panels).

The interaction between P-T is smaller than the interaction between P-P or T-T
by ~8.6 kcal/mol in average (Table 2.1), due to the loss of HB or less-favorable van
der Waals interaction caused by the packing of two different conformations. This
infers that the boundary of [1120] line is energetically less stable, leading a fast
transformation at the boundary. This well explains the smaller 7 than tp.
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We also found 7 during P-to-T transition is smaller than t during T-to-P transition
(which is responsible to that NDR is not shown during the backward sweep). This
is because the formation of T-T HB network is accompanied with the expansion of
[1120] swath along [1100] during the P-to-T transition, while the loss of T-T HB
network is accompanied during the T-to-P transition.

2.3.4 NDR for Time Dependent Electric Field

Applying a time dependent external field, we calculated the response of the system
to voltage sweeps at various sweep rates. For each sweep, the magnitude of the
external field was increased linearly until F = 1.4 V/A (corresponding to 1.5 V bias
voltage in forward sweep) and then it was decreased at the same rate until the field
was 0 V/A (corresponding to 0 V bias voltage in backward sweep). (Section 8.4 dis-
cusses the conversion factor between the external electric field and the bias voltage.)
The sweep rates were 1 x 1078, 478 and 2x 10~7 V/MCS. The resultant /-V curves
are shown in Fig. 2.11a. Although the current drops dramatically at sufficiently high
voltage, similar for all cases, we found that faster sweep let the systems stay in
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Fig. 2.11 (a) Current-voltage (/-V) curves calculated at 300 K from MC simulations combined
with the /-V results of the Green’s function calculations. Results for three sweeping rates are
shown: S (blue line): 1 x 1078 V/MCS, M (red line): 4 x 1078 V/MCS, and F (black line): 2 x
10~7 V/MCS. Inset is the experimental /-V curves from the reference [9] with 3 different sweeping
rates: S (blue line): 21 mV/s, M (red line): 83 mV/s, and F (black line): 415 mV/s. (b) The sweep
rate dependence of the integral of the current from the peak to the valley during NDR, QF from
current simulation (left panel) and experiment [9] (right panel)
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the P phase at higher voltage, which is in a good agreement with the experimental
observation. Clearly, the simulations show both the NDR phenomena and hysteretic
behavior with sweep rate dependence as observed experimentally.

We found that the P-to-T transition voltage is located at 1.1-1.4 V, depending on
sweep rate. This can be compared to the experimental results in which the transition
is completed by 0.6—1.0 V. During the backward sweep, the simulations found that
the T state transforms back to P at ~0.2 V bias voltage with slower sweep rates.

To determine the total charge associated with the NDR region, we integrated
the current from the peak to the valley in Fig. 2.11a. This amount of charge (Qr)
flowing through the junction during NDR, is an important physical quantity that
characterizes the QC model [9]. The calculated Q ¢ values are

o OF = 434 x 10* UAMCS/A” (~ 1.76 x 10° e/AN-OPE), for sweep rates of
1 x 10~8 v/MCS,

e Or = 1.87 x 10* ,LLA~MCS/A2 (~7.57 x 10° ¢/AN-OPE), for sweep rates of
4 x 1078 V/MCS, and

o OF = 1.03 x 10 LA-MCS/A® (~4.17 x 10° e/AN-OPE), for sweep rates of
2 x 1077 V/MCS.

Figure 2.11b shows the sweep rate versus Qr plots from the simulation (left
panel) and from the experiment (right panel). The simulations reproduce the experi-
mental observation that Q r decreases with increasing sweep rate. Additionally, we
find that changing the sweep rate by 20 times only changes the Qf by 4.2 times,
which is comparable to the experimental observation that the Q r varies 2.5 times
while the sweep rate changes by ~20 times [9].

The NDR peak from the MC simulations leads to a voltage range of ~0.15 V
while the experimental NDR range is ~0.25 V. One issue is the time scale. Our
MC sweep frequency was ~10~7 V/MCS whereas experimental sweep frequency
is ~10~! V/s. To convert from MCS to second, we compared the initial nucleation
rate expressed in MCS to that expected from the transition state theory using the pre-
dicted barrier in kcal/mol. The result is 1 MCS equals ~10713 5 (see Section 8.1.),
indicating the theoretical sweep frequency ~10° times the experimental sweep fre-
quency. This faster sweep should decrease the NDR range. In addition, the small
size of our periodic cell, 1,620 nm?, compared to the experiment of O(cm?) would
also tend to decrease the NDR range.

A limitation in our MC simulations is that we idealized the degrees of freedom
for the molecules into two states, which consider as the perfectly crystallized phases
where an infinite AN-OPEs are connected through the HB network. In order to
investigate the effect of molecular fluctuations, we performed a series of MD sim-
ulations with a (10 x 10) unit cell (100 independent AN-OPE molecules). The MD
simulations account for two aspects missing from the MC simulations:

1. The AN-OPE is allowed to have a distribution of conformations, accounting for
the much lower current for x near 90° while losing the HB network at high fields.
This distribution in x leads to decreased current at a given voltage, leading to a
lower slope in the higher-field due to the larger A®p.
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2. The AN-OPE forms a partially disordered phase with some HB along [IOIO] in
the low field (Section 8.2). The loss of the HB network at high field decreases
the hysteresis during the backward sweep since the loss of HB in the high field
decreases the T-to-P transition barrier.

In addition, we found that once a disordered area is developed, it does not eas-
ily recover the P phase; hence, the development of a disordered part on the SAM
yields less dramatic changes in conductivity. The experimental observation of slight
current decrease with successive sweeps may result from the expansion of the dis-
ordered area during the sweep cycles.

In order to validate the suggested mechanism for NDR for AN-OPE, we investi-
gated the possibility of NDR from the system N-OPE which contains no NH, group
and the bare B-OPE containing no functional group. We found that the N-OPE
system shows NDR behavior very similar to AN-OPE, in agreement with exper-
iment [37]. However, we found no NDR behavior for B-OPE, also in agreement
with experiment (Section 8.3).

2.4 Conclusions

Summarizing, we find that a coarse-grained model based on parameters from
first principles calculations leads to a mechanism for room temperature hysteretic
NDR that is in qualitative agreement with experiments on AN-OPE, N-OPE, and
B-OPE. This provide a plausible mechanism for understanding this phenomena
which maybe useful in developing new NDR systems.
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Chapter 3

Free Energy Barrier for Molecular Motions
in Bistable [2]/Rotaxane Molecular Electronic
Devices

Reprinted with permission from Kim, H; Goddard, W. A.; Jang S. S.; Dichtel, W. R.;
Heath, J. R.; Stoddart J. F. J. Phys. Chem. A 2009, 113 (10), 2136-2143. Copyright
2009 American Chemical Society.

Abstract Donor-acceptor binding of the m-electron-poor cyclophane cyclobis
(paraquat- p-phenylene) (CBPQT*t) with the m-electron-rich tetrathiafulvalene
(TTF) and 1,5-dioxynaphthalene (DNP) stations provides the basis for electrochem-
ically switchable, bistable /2 Jrotaxanes, which have been incorporated and operated
within solid state devices to form ultradense memory circuits [1, 2] and nanoelec-
tromechanical systems. The rate of CBPQT** shuttling at each oxidation state of the
[2Jrotaxane dictates critical write-and-retention time parameters within the devices,
which can be tuned through chemical synthesis. To validate how well computa-
tional chemistry methods can estimate these rates for use in designing new devices,
we used molecular dynamics simulations to calculate the free energy barrier for
the shuttling of the CBPQT** ring between the TTF and the DNP. The approach
used here was to calculate the potential of mean force along the switching pathway,
from which we calculated free energy barriers. These calculations find a turn-on
time after the rotaxane is doubly oxidized of ~10~7 s (suggesting that the much
longer experimental turn-on time is determined by the time scale of oxidization).
The return barrier from the DNP to the TTF leads to a predicted lifetime of 2.1 s,
which is compatible with experiments.

3.1 Introduction

The electrochemically switchable, bistable [2]rotaxanes [1] (Fig. 3.1) developed
in recent years by Stoddart and co-workers exhibit two distinct co-conformations
[3, 4, 5, 6, 7]: the ground-state co-conformation, in which the cyclobis(paraquat-
p-phenylene) (CBPQT*) encircles the tetrathiafulvalene (TTF) station, and
the metastable state co-conformation, in which the CBPQT‘“r encircles the
1,5-dioxynaphthalene (DNP) station [2, 8, 9, 10, 11, 12, 13, 14, 15]. The population
of the two co-conformations may be shifted away from equilibrium by temporarily

H. Kim, Multiscale and Multiphysics Computational Frameworks for Nano- 27
and Bio-Systems, Springer Theses, DOI 10.1007/978-1-4419-7601-7_3,
© Springer Science+Business Media, LLC 2011
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Fig. 3.1 Structural formula of the two co-conformations of a bistable /2 ]rotaxane fragment used
in this study

oxidizing one or two electrons from the TTF units. This switching process forms the
basis of using these compounds as storage elements in molecular electronic devices.
Consequently, significant experimental efforts have been made to investigate the
switching behavior of molecular switches [5, 6, 16, 17, 18, 19, 20, 21, 22, 23]
and molecular machines [24, 25, 26, 27, 28, 29] in various environments, such as
solution [35, 6, 30, 31, 32, 33, 34, 35, 36, 37], polymer electrolyte gels [38], metal
surfaces [39, 40, 41] and devices [7, 16, 17]. Important experimental evidence [15]
for molecular switching in these devices was the correlation of the kinetics of relax-
ation from the DNP to the TTF, across each of these environments. However, the rate
of this process is also a function of the molecular structure, suggesting that longer
storage times, or even nonvolatile memory, might be possible with the appropriate
molecular design.

Computation chemistry calculations could provide an effective approach for opti-
mizing the performance of such molecular switches, but such applications require
that the accuracy of the theory be validated by comparing to well-documented
experimental results. The purpose of this paper is to provide such validation.
Previously, we investigated these compounds using a multiscale first principles
approach combining quantum mechanics (QM) and atomistic force field (FF)
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methods [42, 43, 44, 45, 46, 47]. First we considered the molecules as individual
species, and then we examined self-assembled monolayers bound to gold surfaces
or compressed into Langmuir monolayers at the air-water interface. These studies
successfully predicted a number of phenomena that were confirmed later experi-
mentally, including the higher conductivity [47] of the DNP relative to the TTF,
and the increased stability of the TTF relative to the DNP (by 2.0 kcal/mol from
QM, 2.3 kcal/mol from the FF, and 1.4 — 1.6 kcal/mol from experiment) [15, 43]. In

addition, on the basis of the predicted footprint of the 115 Az/molecule for the self-
assembled structure, we predicted that the surface tension of the TTF is 32% lower
than that of the DNP, an observation that was confirmed in subsequent experiments
[43, 44].

In this study, we evaluated the free energy profile of the shuttling motion of the
CBPQT** ring between the TTF and the DNP stations to determine how the nature
of the rotaxane affects the switching and relaxation rates. These rates have been
determined experimentally in various environments [15, 35, 40, 48], and we now
want to understand the structural contributions to these rates. We seek to find a level
for theoretical calculations of these rates that is both accurate and fast so that we
can use theory to optimize the structural characteristics to achieve desired rates.

Rather than finding the energy barrier for a minimized reaction path connecting
the two states, we used potential of mean force (PMF) to evaluate the change of
free energy along the shuttling pathway of the CBPQT** ring between the TTF and
the DNP so that we can determine the rates at the experimental temperature. We
carried out these calculations for three oxidation states of the molecule relevant to
the switching and thermally activated relaxation process.

3.2 Simulation Details

3.2.1 Potential of Mean Force from Constrained Molecular
Dynamics Simulation

The experimental time scale for the ring to relax back from the DNP to the TTF is
10~ 1 =103 seconds [15, 34, 49], suggesting that simple molecular dynamics (MD)
simulation of a few hundred nanoseconds might not be sufficiently ergodic to pro-
vide an accurate transition rate. Hence, we adopted the “Blue Moon sampling” tech-
nique [50, 51] of constrained MD simulations using holonomic constraints that fix
the systems along the reaction coordinate. To determine the free energy barrier, we
used the reaction-coordinate (R)-dependent potential of mean force (PMF), Fixy (R)
defined as the integration of the mean force (MF) along the reaction coordinate,
—dFxn (R)dR [52],

Fixn (R) = Fixn (OO) + /R Mde~ (31)

o  dR’
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Here, the MF is a measurable quantity from our simulations. To calculate the MF,
we assumed that the CBPQT* ring moves between the TTF and the DNP along
the backbone of the rotaxane (Fig. 3.2a), which we assume to be in an extended
conformation but with the minimized structure. This extended conformation should
provide the fastest shuttling motion of the CBPQT** ring, being governed mainly
by its interaction with the backbone. This MF does not account for the presence
of folded chain conformations, so that the PMF may lack some contributions from
conformational entropy.

SRS iR e PRPES SETV

TTF triphenylene DNP

0.0 8.9 47.7 54.7
@TTF @DNP

(b)

Fig. 3.2 (a) Backbone of the rotaxane molecule simulated in this study. (b) CBPQT** ring posi-
tions along the backbone (unit: A)

First, we prepared the extended rotaxane backbone without the CBPQT** ring
using quantum mechanical geometry optimization at the level of B3LYP/6-31G*
(Fig. 3.2a). Then, we added and optimized the CBPQT** ring at various fixed points
on the fixed extended backbone (Fig. 3.2b) using quantum mechanics. Thus, the
atomic partial charges of all atoms are allowed to readjust, depending on the relative
position of the charge acceptor (CBPQT**) with respect to the charge donor (TTF
and DNP).

To obtain the change of the PMF during the shuttling process, we first evaluated
the MF as a function of the position of the CBPQT** ring. Because the length of
the backbone is 54.7 A and the distance between the TTF and the DNP is 36.9 A,
we chose to the dynamics for nine independent samples, each of which has the z-
coordinate (along the backbone) of the center of mass (COM) of the CBPQT*+ ring
at a different position along the extended backbone, as schematically presented in
Fig. 3.3. Using quantum mechanics, the geometry and atomic charges were obtained
from each of these nine cases.

After preparing these nine initial structures, we prepared two more struc-
tures beyond each station of the TTF and the DNP with identical charges to the
CBPQT** @TTF case and the CBPQT*T @DNP case, respectively. In addition,
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NP

Fig. 3.3 Charges for the initial nine structures obtained from QM with Mulliken analysis. In addi-
tion, we included two more structures beyond each station of the TTF and the DNP, using charges
identical to those for the equilibrium CBPQT*t @ TTF and CBPQT*+ @DNP cases, respectively.
Ten more structures were generated on the basis of these eleven structures. The position of the
CBPQT** ring for each additional structure was obtained using the arithmetic average of the two
adjacent cases from the eleven structures. The charges were also averaged

we constructed another ten structures in which the position and charges of the
CBPQT** ring were calculated by arithmetically averaging the coordinates and
charges of two consecutive structures in the eleven structures. Thus, a total of 21
structures were prepared for simulations.

Then, to simulate both the turning on and turning off the rotaxane switch, we
investigated the effect of oxidation of rotaxane molecule on the free energy profile,
for three different oxidation states: the neutral state, the +1 oxidation state, and
the +2 oxidation state.

The QM calculations of the charges for the nine different structures were repeated
for each of the three oxidation states: 0, +1, and +2. The atomic partial charge
distributions are tabulated in the Section 8.5 (Tables 8.5.1, 8.5.2, and 8.5.3).

All quantum mechanical computations in this study were performed using
Jaguar [53].

3.2.2 Constrained Molecular Dynamics Simulation

Next, we carried out a constrained NVT MD simulation at 300K for 500 ps to
equilibrate each system. This MD was then continued for an additional 3 ns at
300K (constrained NVT MD) to compute the MF. The constraint was introduced
using Gauss’ principle of least constraints [54] to fix only the z-component of the
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center of mass (COM) of the CBPQT** ring parallel to the molecular axis direction
(z-axis direction as in Fig. 3.2b). To ensure that our constrained dynamics produces
the correct equilibrium averages without bias due to ensemble sampling, we used
Fixman’s theorem [55] to evaluate the metric effect originating from the holonomic
constraints. We determined that the metric effect only adds a constant scalar value
to the absolute free energy values, which has no influence on the relative energetics.
(Details are in the Section 8.6.)

We also fixed the position of the last oxygen atom at each end of the backbone to
retain the extended conformation. This restricts the conformational flexibility of the
system, which suppresses conformational entropic contributions to the free energy.
The mean force was sampled from such constrained MD simulations.

3.2.3 Force Field and MD Parameters

We used the generic DREIDING force field [56], which was found to lead to accu-
rate results in our previous studies on rotaxane systems [43, 44, 45]. It was also
successful in our studies on various other molecular systems, such as the hydrated
polymer electrolyte membranes [57, 58, 59] and the surfactant-mediated air-water
interface [60, 61].

The force field has the form

Etotal = Evaw + EQ + Epond + Eang]e + Etorsion + Einversion; (3.2)

where Etotal, Evaw, £Q, Ebonds Eangle» Eorsion> and Ejyversion are the total energies,
the van der Waals, electrostatic, bond stretching, angle bending, torsion, and inver-
sion energy components, respectively, and the force field parameters are described
in the original papers [56]. The atomic charges were obtained from a QM Mulliken
population analysis as indicated above.

All MD simulations were performed using LAMMPS (large-scale atomic/
molecular massively parallel simulator) MD code from Plimpton at Sandia [62, 63].
The equations of motion were integrated using the velocity-Verlet algorithm [64],
with a time step of 0.01 fs. This unusually small time step was to ensure high quality
sampling of phase space by avoiding abrupt changes in atomic positions.

The temperature was kept constant during the MD using the Berendsen ther-
mostat with temperature damping time of 0.01 fs. To demonstrate that our MD
leads to a proper canonical ensemble, the probability distribution function (PDF)
of kinetic energy KE (: mv? /2) is shown in Fig. 3.4. The PDF is quite close
to the Maxwell-Boltzmann distribution of energy at 7=300 K, indicating that the
simulation describes a proper canonical ensemble. Furthermore, the PDF for each
component of velocity is the same and the system obeys the equipartition theorem
(Fig. 3.5).

Figure 3.6 shows the typical behavior of the MF as a function of simulation
time for two representative systems: one is the ground state, CBPQT** @TTF, green
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Fig. 3.4 Probability density function of kinetic energy KE (: mv? /2) is from the MD simula-
tion of the CBPQT** ring@TTF (blue line) at 300 K. Here the time step was 0.01 fs and the
total simulation time was 3 ns after 500 ps of equilibration. The black dashed line compares
with the Maxwell-Boltzmann distribution of the energy, 2 (KE/n (kp T)3)l/2 exp (—KE/kpT),
for T=300 K
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Fig. 3.5 Probability density function of KE, (= mvf /2; blue line), KE,, (: mvyz. /2; green line),

and KE, (= mvz2 /2 red line) are computed from the MD simulation of the CBPQT** ring@TTF
(blue line), which are identical to each other. These are compared with the Maxwell-Boltzmann
distribution of KE;, /1/ (wKE;kgT) exp (—KE;/kpT) at 300K. (i € {x,y,z}; black dashed
line)



34 3 Free Energy Barrier for Molecular Motions

80
40

-40 |

Mean force
(kcal/mol/Angstrom)
(=]

_80 . . . ) .
0 500 1000 1500 2000 2500 3000

Simulation time (ps)

80
(b) —— Ring@DNP
40 L

Mean force
(kcal/mol/Angstrom)

-80 1 i L 1 I
0 500 1000 1500 2000 2500 3000

Simulation time (ps)

Fig. 3.6 Change of mean force as a function of simulation time. In each case this follows 500 ps
of equilibration time. This plot shows two representative cases: the CBPQT*+ ring@TTF (TTF)
and the CBPQT** ring@DNP (DNP)

color, denoted as TTF and the other is the metastable state, the CBPQT4+ ring
on the DNP, red color, denoted as DNP. This shows that the mean force was well
equilibrated for both cases.

The weakness of this blue moon sampling method is that the error in each MF
measurement is integrated to obtain the PMF profile along the reaction coordi-
nate. From block averages, we estimate the uncertainty of the MF values to be
0.04 kcal/mol/A for CBPQT*t @TTF and 0.22 kcal/mol/A for CBPQT*T @DNP.
Assuming that these errors are random and that the average value is 0.13 kcal/mol/A,
we estimate that the error of the free energy difference between two sta-
tions is 38.8x0.13/(20)'/2 = 1.13 kcal/mol from integrating over the 38.8 A dis-
tance. Similarly the error of the barrier from the DNP toward the TTF is
25.5%0.13/(14)'/2 = 0.89 kcal/mol from the integration over the 25.5 A distance.
Hence, the small errors in the MF values can lead to substantial errors in the PMF
value. However, previous studies that carefully compare various PMF calculation
methods show that constraint-biased sampling to determine mean forces is one of
the best methods to obtain reasonable PMF values, even though, statistically, they
contain large error bars [52].
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3.3 Results and Discussion

3.3.1 Charge Scheme: Adiabatic Approximation

We expected that no set of fixed charges scheme would be adequate enough to
describe the electrostatic interactions as the highly charged ring is moved along
the backbone. Thus, as described in Section 3.2.1, we obtained atomic charges from
independent QM at each position as the ring is moved along the backbone.

This assumption of adiabatically adjusted charges assumes that charge re-
distribution is much faster than the time for the ring to travel along the backbone.
To test the effect of these charge re-adjustments on the PMF, Fig. 3.7 shows the
PMF based on three different charge schemes for the neutral rotaxane system: the
green curve was obtained using the fixed charges from the ring@TTF, the red curve
was obtained using the fixed charges from the ring@DNP, and the blue curve was
obtained using adiabatic charges.

= 160
=4 ——— Fixed charge
E 1401 from ring@DNP
S 120}
=
§ 100
o gt — Fixed charge
— from ring@TTF
S 60Ff
£
- 40 +
S 20t
S
- or —— Variable charge
u _20 1 L L 1 '
0 10 20 30 40 50 60

Ring position (Angstrom)

Fig. 3.7 Change of potential of mean force as a function of ring position along the backbone. The
blue curve allows the charge to change adiabatically as the ring moves along the dumbbell, which
is the reliable result. The other two curves show the error obtained when the charges are fixed:
the green curve uses fixed charges from the ring @TTF; the red curve uses a fixed charge from the
ring@DNP

Clearly, the green and red curves are biased to have a minimum PMF at the
position for which the charge was calculated, leading to very bad estimates of the
barrier. In contrast, the energy barrier between the TTF and the DNP sites, based
on the adiabatic charges, is consistent with experimental observations. Thus, we
used the adiabatic charges for all oxidation states from the neutral state to the +2
state.
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3.3.2 Free Energy Profiles from PMF Calculations

Sampling the MFs from the constrained MD simulations (Fig. 3.8a) and integrating
them along the ring position, we calculated the profile of the PMF for the shuttling
motion of the CBPQT** ring (Fig. 3.8b). We found that each oxidation state (neutral
state (0), oxidized states (+1 and +2)), leads to significantly different profiles.
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Fig. 3.8 (a) Change of the mean force as a function of ring position along the backbone.
(b) Change of the potential of mean force as a function of ring position along the backbone. The
green vertical lines denote the ring@TTF (8.90 A) and ring@DNP (47.70 A)
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3.3.21 AGt2p

We calculated that the most stable complex for the neutral state (black) is
CBPQT** @TTF (ring at 8.9 A) whereas the CBPQT*t @DNP state (ring at 47.7 A)
is less stable than the TTF by AGTop = 1.0kcal/mol. This agrees with various
experiments, which lead to AGtyp = 1.4-1.6kcal/mol [15, 65, 66, 67, 68] on the
basis of the difference in the binding free energies of the individual components
of the rotaxane in the MeCN solvent. In addition, this calculation agrees with our
previous computations from QM (AGTyp = 2.0kcal/mol) [43] and Hessian-based
FF calculations (AGTyp = 2.3 kcal/mol) [43]. We emphasize here that all previous
experimental and theoretical studies studied AGTop by comparing the binding free
energy of the TTF derivatives with the CBPQT** ring and the binding free energy
of the DNP derivatives with the CBPQT4+ ring. Thus, our current calculation is the
first direct measurement of the AGop on a complete rotaxane.

3322 AG:,, and AG},, for Neutral Case

We calculate that the free energy barrier is AG%D = 19.03 kcal/mol from the TTF

toward the DNP, and AGEH = 18.03 kcal/mol in the opposite direction. The relax-
ation barrier in the neutral state was measured for a similar bistable /2 /rotaxane in
which the triphenylene spacer was missing, leading to [15] (see Table 3.1)

Table 3.1 Free energy barriers, rate constants, and relaxation half-lives from DNP toward TTF
(DNP — TTF) at 298 K (all simulation results from this work)

AG (kcal/mol) af (s “11/2 (8) condition
18.03 £ 1.5 0.33£0.83 21+£54 gas phase
(simul.) (neutral)
16.2+0.3 7.34+3.7 0.095 £+ 0.048 (CH3CN)
(exp.[34]) (neutral)
18.1+£0.2 0.34+0.10 2.440.082 bpolymer matrix
(exp.[15, 34, 71]) (neutral)
22.21 £0.04 (2.740.19) x10~*  (2.5+0.18) x 10° molecular-switch junction
(exp.[15, 34, 71]) (neutral)
31.22 6.3 x10~1 1.1 x10'0 gas phase
(simul.) (oxidation +1)
50.43 45 %107 1.5 x10%4 gas phase
(simul.) (oxidation +2)
65 - - “SAM on SiO, wafers
(exp. + simul.[72]) (oxidation +2)

@Values are calculated using the Eyring equation, 1/7 = (kgT/h)exp(—AG*/RT). ®Weight
ratio 70:7:20:3 for CH3 CN/poly(methylmethacrylate)/propylene carbonate/LiClO4. ‘The modified
AFM tip is attached to the CBPQT** ring.

° AGEZT = 16.2kcal/mol (t ~ 0.095 s) in MeCN solvent,

° AG;F)ZT = 18.1 kcal/mol (t ~ 2.4 s) in a MeCN/polymethylmethacrylate/ propy-
lene carbonate/LiClO4 polymer matrix containing weight ratios of 70:7:20:3, and
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o AGEZT=22.21kcal/mol (t ~2.5x 10%s) in the molecular switch tunnel
junction.

In addition, the devices fabricated with this derivative containing the triphenylene
spacer exhibit a relaxation half-life of ¢ ~ 90 min [2] (AG]%2T = 22.66 kcal/mol).

In addition, our free energy barrier is quite comparable to the barriers to circum-
rotation of [2]catenanes. Leigh and co-workers used NMR to determine AG* of
interlocked catenane molecules as 11 — 20 kcal/mol for various solvents and calcu-
lated the free energy barrier as 10 — 20 kcal/mol using force-field based Hessians
[69, 70, 71].

Although our simulations were performed in the gas phase, the AG;*;ZT
of 18kcal/mol agrees well with the experimental barriers (17 — 22 kcal/mol)
[15, 34, 49] for a variety of environments. This suggests that the energy barrier does
not depend strongly on environment.

We did not include the counterions in this study because preliminary calculations
showed that the charges would sometimes change in erratic ways due to the floppy
energy landscape for the countercharges. Indeed, the good agreement with experi-
ment for the barriers suggests that the instantaneous changes in the potential due to
counterions can be neglected.

3.3.2.3 AG},, and AG},, for Oxidized Cases

Although the neutral state prefers to have the CBPQT** ring at the TTF, we
find that the +1 and +2 oxidized states lead to a completely different energy
profile (Fig. 3.8b). In both cases, the DNP becomes the global minimum with
the TTF destabilized by AG =25.75kcal/mol for the +1 oxidation state and
AG =47.78 kcal/mol for the +2 oxidation state.

Starting with the ring at the TTF site and oxidizing, we find that the ring moves
first by ~5 A to a local minimum on the ethylene oxide linker (with an energy
decrease by AG =3.25kcal/mol for the +1 and AG =5.49 kcal/mol for the +2).
Then, it has a free energy barrier of AG = 8.70 kcal/mol (41 state) or 8.02 kcal/mol
(+2 state) to continue past the triphenylene spacer and toward the DNP for oxidation
states.

Using the Eyring rate equation [1/7 = (kgT/h)exp (—AG*/RT)], the time
required to overcome this barrier to move onto the DNP is 2.9 x 10~ s for the +1
oxidation state and 9.0 x 1073 s for the +2 oxidation state. It would be interesting
to design an experiment to probe for this predicted barrier. It has been assumed
that the huge Coulomb potential of the +4 ring with the 42 TTF would preclude a
barrier. The origin of this barrier in the oxidized state is discussed below, which we
find arises from the triphenylene spacer. We expect that there would be no barrier
without this spacer.

Relative to the final state of the ring at the DNP site, the energy at the ethylene
oxide linker (EO) near the TTF site is 22.52 kcal/mol higher (41 oxidation), lead-
ing to a Boltzmann population of 10~!7. For the +2 oxidation state, the energy is
42.41 kcal/mol higher, leading to a population of 10732, Thus, for oxidation states
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+1 and +2, we expect the CBPQT** ring to stay on the DNP site until the system
is reduced.

Indeed, there is an experimental estimate of this reverse barrier. Using a modified
AFM with the ring attached, Brough et al. [72] measured the force exerted on the
ring shuttling from the DNP to the TTF in the +2 oxidized system as 145 pN. Com-
bining this experimental data with results from molecular mechanics simulations,
they estimated the energy barrier to be 65 kcal/mol. This can be compared to our
calculated barrier of 50.4 kcal/mol energy, validating the accuracy of the experi-
ment. The maximum force measured in our simulation during the ring shuttling is
583 pN, which is similar to the experimental value of 145 pN.

3.3.2.4 Effect of Coulombic Energy and van der Waals Energy

To understand why the PMF profiles are so different between the neutral, +1,
and +2 oxidation states, we calculated the change in the Coulombic interaction
energy and the van der Waals (vdW) interaction energy as a function of ring position
along the backbone, for these three oxidation states (Figs. 3.9 and 3.10).

For the neutral state, we find that the Coulombic energy increases by 60 kcal/mol
as the ring moves from the TTF to the triphenylene spacer (barrier) and then drops
by 45 kcal/mol as it moves to the DNP. On the other hand, the vdW energy changes,
within a range of £4 kcal/mol, while the ring travels from the TTF to the DNP.

This indicates that the barrier is dominated by the differential Coulombic inter-
actions with a peak of 443 kcal/mol at z=28 A (over the spacer). We were quite
surprised because we expected the barrier to be dominated by vdW repulsions due
to the bulky size of the triphenylene. To understand why Coulombic interactions are
so important, we plot in Fig. 3.11 the total charge on the ring along the pathway, in
the neutral case. We see that at the TTF or the DNP positions there is strong delocal-
ization from the ring onto the backbone, but as the ring passes over the triphenylene
spacer (at z =28 A), this charge localizes back onto the ring. Thus, we conclude that
localization of the ring charge increases the Coulombic repulsion and dominates the
free energy barrier. This suggests that the barrier can be modified dramatically by
changing the polarity of the spacer.

We also found that as the system is oxidized, the magnitude of Coulombic repul-
sion increases from 380 — 445 kcal/mol for the neutral state, to 520 — 545 kcal/mol
for the 41 oxidation state, and finally, to 670 — 700 kcal/mol for the +2 oxida-
tion state. In contrast, the vdW energy changes from 165 — 173 to 165 — 172 to
164 — 171 kcal/mol as the system is oxidized. This implies that the driving force
inducing the mechanical movement of the ring is the increased Coulombic repulsion
due to oxidization of the rotaxane. This confirms our view since the beginning of
our experiments.

However, the PMF profile (Fig. 3.7b) still differs substantially from the Coulom-
bic energy profile (Fig. 3.9). For instance, in the neutral case, the Coulombic
energy difference between two stations is 12.03 kcal/mol, which is ~ 12 times
larger than AGTyp = 1.0kcal/mol, and the Coulombic energy barrier for the shut-
tling from the DNP to the TTF is 46.75 kcal/mol, which is ~ 2.6 times larger than
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AGEZT = 18.03 kcal/mol. Thus, the key features of the PMF profile are not fully
explained in terms of the Coulombic energy alone. Another possible contributor to
the free energy is vibrational entropy, which can be investigated directly from the
MD simulation trajectory [73, 74].

3.4 Conclusions

We used constrained MD simulations to calculate the free energy profile at 300 K for
the shuttling of the CBPQT** ring between the TTF and the DNP in the rotaxane
molecule. This free energy profile was derived by calculating and integrating the
MF acting on the ring as it is moved from one position to another position along
the backbone. We found that it is particularly important to allow the charges to
adjust adiabatically as the ring moves. Indeed, we find that the Coulomb interactions
dominate the barriers for these systems.

We found that the free energy barrier from the DNP to the TTF is 18.03 kcal/mol
for the neutral system, which agrees well with experimental values of
17 —22kcal/mol for various environments. We calculate that the AG between the
TTF and the DNP positions is 1.0 kcal/mol, which compares well with experimental
results of 1.4 — 1.6 kcal/mol obtained from binding energies of separate DNP and
TTF systems with the CBPQT** ring.

These results validate the accuracy of our computational procedure. Thus, we
can now use this validated technique for estimating the switching kinetics for new
designs of molecular architectures.
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Chapter 4
Sodium Diffusion Through Aluminum-Doped
Zeolite BEA System: Effect of Water Solvation

Reprinted with permission from Kim, H; Deng, W.-Q.; Goddard, W. A.; Jang S. S.;
Davis M. E.; Yan Y. J. Phys. Chem. C 2009, 113 (3), 819-826. Copyright 2009
American Chemical Society.

Abstract To investigate the effect of hydration on the diffusion of sodium ions
through the aluminum-doped zeolite BEA system (Si/Al = 30), we used the grand
canonical Monte Carlo (GCMC) method to predict the water absorption into alu-
minosilicate zeolite structure under various conditions of vapor pressure and tem-
perature, followed by molecular dynamics (MD) simulations to investigate how
the sodium diffusion depends on the concentration of water molecules. The pre-
dicted absorption isotherm shows first-order-like transition, which is commonly
observed in hydrophobic porous systems. The MD trajectories indicate that the
sodium ions diffuse through zeolite porous structures via hopping mechanism, as
previously discussed for similar solid electrolyte systems. These results show that
above 15 wt % hydration (good solvation regime) the formation of the solva-
tion cage dramatically increases sodium diffusion by reducing the hopping energy
barrier by 25% from the value of 3.8 kcal/mol observed in the poor solvation
regime.

4.1 Introduction

Zeolites constitute a unique class of the porous materials widely used in ion
exchange, selective catalysis, and molecular sieve applications [1, 2]. An impor-
tant property for many of these applications is migration of the absorbed water
molecules. It has been observed that water migration in such porous materials pro-
ceeds differently than in the bulk water phase under the same temperature and chem-
ical potential conditions [3, 4, 5, 6]; hence, we undertook a study of how nanoscale
confinement in zeolites affects such of properties as structure, dynamics, and ther-
modynamics with absorbed molecules [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18].
In aluminosilicate zeolites the aluminum is generally incorporated in the three-
dimensional framework in the form of AlO, surrounded by neighboring SiO4 while
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alkali metals such as Na™ or KT are in the pores, interacting electrostatically with
the zeolite framework. These positively charged and Movable cations in various
zeolite systems have been studied intensively [7, 8, 19, 20, 21, 22, 23, 24, 25, 26,
27, 28, 29] since they impart many interesting properties to the zeolite systems. In
particular, the ionic conductivity of zeolites can be controlled by the level of non-
framework ions and their hydration (undoped zeolites are insulators with an elec-
tronic band gap of ~7 eV) [9]. The chemical nature, hydrophilicity, and selectivity
for binding guest molecules in zeolites can be manipulated as appropriate for many
practical applications [10, 11].

One recent interesting application of zeolites is as proton exchange membranes
for fuel cells (PEMFC) [12, 13, 14, 15, 16, 17]. Here the molecular sieving capa-
bility and tunable acidity/hydrophilicity of zeolites can be incorporated to form
a polyelectrolyte-based membrane that could improve the high temperature/low
humidity performance of fuel cells [18].

We report here studies of the aluminosilicate zeolite BEA (Si/Al = 30). A dis-
tinct structural feature of interest for BEA is its three-dimensional channel struc-
ture which is characterized by ~1 nm diameter channels (Fig. 4.1) in which water
molecules may form a continuous phase, thereby facilitate ionic transport which
makes membranes based on such materials useful as a replacement for polymer
electrolyte membranes (PEM) for fuel cell applications. In PEM fuel cell mem-
brane such at Nafion, the protons are transported through two mechanisms: vehic-
ular diffusion of protonated waters and Grotthuss diffusion in which protons hop
from water to water, with the relative contributions depending on the water content,
counterions, porosity, temperature etc. Of course, diffusion of sodium or potassium
cations occurs only through hopping. In this study, we determine how the nanometer
scale confinement in the aluminosilicate zeolite BEA (Si/Al = 30) affects sodium
diffusion.

First, we used grand canonical Monte Carlo (GCMC) simulations to predict the
water absorption of aluminosilicate zeolite BEA system at various conditions, and
then we applied the equilibrium molecular dynamics (MD) simulations on the dif-
fusion starting with the hydrated systems obtained from the GCMC simulations.
During such MD simulations, we sampled the time evolution of both the sodium
diffusion and the water structure associated with the sodium ions.

4.2 Simulation Details

4.2.1 Force Field

To calculate the energy and geometry of the zeolite framework, we employed Bur-
chart force field (FF) [19] developed to describe aluminosilicate structures and the
van der Waals interactions with the Na. This FF uses the Lennard-Jones 12-6
form for the van der Waals interactions between all atoms of the framework.
To describe the interactions between water molecules, we used the F3C water
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Fig. 4.1 Atomistic structure for the primitive periodic cell with composition of NagAlgSi243Os12.
This shows green balls are aluminum and magenta balls are sodium. (a) Minimized aluminosili-
cate zeolite BEA structures without H,O, (b) snapshot of zeolite BEA structures after the GCMC
simulation for 298.15 K and 101.3250 kPa, and (c¢) snapshot of zeolite BEA structures after 4 ns
NPT MD simulation at 298.15 K and 101.3250 kPa

FF [20]. For the off-diagonal van der Waals interactions between different types
of atoms, we used the geometric-mean combination rule. The Lennard-Jones inter-
actions were terminated beyond 18.0 A, using a cubic spline function starting
at 15.0 A.

The atomic charges of the individual atoms of the zeolite frame were determined
using the charge equilibration (QEq) method [21]. Since our simulation cell con-
tains eight AlO, sites, the total charge of the framework is set by —8. The eight
sodium ions each were taken to have 41 charge, leading to charge neutrality of the
simulation cell. The atomic charge of the water is from the F3C model [20]. The
particle-particle particle-mesh (PPPM) method [22] was employed to compute the
electrostatic using an accuracy criterion of 1073,
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4.2.2 Grand Canonical Monte Carlo (GCMC) Method
and Molecular Dynamics (MD) Simulation

To predict the water absorption in aluminosilicate zeolite BEA framework as a func-
tion of partial pressure and temperature, we carried out grand canonical Monte Carlo
(GCMC) simulations [23, 24] using the Sorption module of Cerius2 [25]. Since the
chemical potential of the adsorbed phase equals the chemical potential of the bulk
gas at equilibrium condition, the GCMC simulation makes multiple attempts to add
one water molecule according to the probability

P in |1 Y AU 4.1)
=min|l, —=exp|——% )|, .
add N+ DA P\ Tt
or subtract one with the following probability
P in |1 NA? AU 4.2)
=min| 1, exp | — , .
sub v p kT

where V is the pore volume, N is the number of water molecules in the simulated
system, A is the thermal de Broglie wavelength, and AU is the change in potential
energy. For each GCMC simulation, we ran 2 x 10% Monte Carlo steps (MCS),
during which the zeolite framework including sodium ions were fixed and water
molecules were moved by the Metropolis sampling rule [26, 27]. Each Monte Carlo
step is allowed four different types of operations—translation, rotation, creation, and
destructions—of the water molecule with equal probabilities.

All molecular dynamics (MD) simulations were performed using the LAMMPS
(large-scale atomic/molecular massively parallel simulator) MD code developed by
Plimpton at Sandia [28, 29]. The velocity Verlet algorithm[30] was used to solve the
equations of motion with a time step of 1.0 fs. The isobaric-isothermal ensembles
(NPT) were generated using Nosé-Hoover thermostat with a temperature damping
relaxation time of 0.1 ps and the Andersen-Hoover barostat with a dimensionless
cell mass factor of 1.0. A series of MD simulations were conducted at constant tem-
perature of 298.15 K with various pressure conditions from 0.1013 to 101.3250 kPa.
To understand the effect of temperature, another set of simulations were performed
at constant pressure of 101.3250kPa with various temperature conditions from
298.15 to 453.15 K.

4.2.3 Construction of Models and Calculation of Properties

We used the 2 x 2 x 1 superstructure of zeolite BEA (based on the X-ray crystallog-
raphy database [31]) as the periodic simulation cell for the MD. Then, eight silicon
atoms in the channels were randomly chosen and replaced with aluminum atoms
to have the lowest energy using substitutional disorder option of Cerius2 [25]. This
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leads to a Si/Al ratio of 30, with a simulation cell consisting of 8 AlO, and 248
Si0y4 tetrahedral sites with an overall composition of NagAlgSiz4g0517.

The eight sodium ions were initially placed near the aluminum-doped sites, and
the full structure of zeolite frame including the sodium ions were energy minimized.
Then the water contents were determined from GCMC simulations at various pres-
sure and temperature conditions.

Then we carried out 8—12 ns NPT MD simulations and evaluated such properties
as density, pair correlation function, and diffusion coefficients using the full trajec-
tory files.

4.3 Results and Discussion

4.3.1 Water Absorption

Using GCMC, the chemical potential of water in zeolite frame was equilibrated
with that of the external reservoir at various vapor pressure conditions ranging from
0.1013 to 101.3250 kPa. The water absorption isotherm at 298.15 K and the temper-
ature dependence of water adsorption at 101.3250 kPa are shown at Figs. 4.2 and
4.3, respectively.

We were unable to locate published water adsorption isotherms for zeolite BEA
with Si/Al of 30. Thus the data shown in Figs. 4.2 and 4.3 are from simulation
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Fig. 4.2 Dashed line is the least-squares fitted to f (x) = a tanh (bx), where a = 46.19 mole/ unit
cell and b = 0.753 (1/kPa). We obtain a vapor pressure of 3.578 kPa for the point at which the
water uptake reaches to 99% of the maximum loading uptake
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Fig. 4.3 Predicted temperature-dependence of water uptake at 101.3250 kPa when the zeolite BEA
has no aluminum doping (red curve) and Si/Al = 30 (blue curve). The presence of aluminum-
doped sites as well as sodium ions enhance the water uptake amount especially in the high temper-
ature

only. We observe a stepwise condensation at 3.5 kPa. The amount of water uptake
increases abruptly and then shows fast saturation up to ~50 molecules per crys-
tallographic unit cell, which can be regarded as a maximum loading number at
298.15 K. Previous studies discovered that a spontaneous condensation of water
occurs in hydrophobic porous materials such as sodium faujasites of NaY and
NaX [32], silicate-1 zeolites [33, 34] and carbon nanotubes [35]. Here, the term
“hydrophobic” is used because of the spontaneous condensation behavior: if the
surface of the nanopore were hydrophilic, then water absorption would proceed
gradually over wide range of pressure through wetting the surface of the nanopore
instead of increasing abruptly at a certain narrow pressure range. We expect that
the capillary condensation would follow a first-order-like transition since the non-
wetting character of the pore prohibits the intrusion of liquid water until a certain
hydraulic pressure. This suggests that the aluminosilicate BEA zeolite system may
sustain some extent of hydrophobicity even after some of the hydrophobic SiO4
sites are replaced by hydrophilic AlO, sites.

The temperature dependence of water absorption is plotted at Fig. 4.3 at
101.3250 kPa. As the temperature increases, the amount of water uptake in zeolite
frame decreases. This type of temperature dependency of water uptake has been
observed in the experiments on the zeolite-4A structure [36] and in other simulation
studies [32]. Of particular interest is that at 423 K, this BEA aluminosilicate zeolite
frame still holds 20% of water absorbed at 300 K. We expect that this capability to
retain significant amount of water at high temperature could make these materials
useful as a replacement for performance of the PEM for fuel cell operation under
high temperature/low humidity condition.
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4.3.2 Structure of Water in Zeolite

To characterize the water structure we calculated the density-normalized O(water)-
O(water) pair correlation function, 47 r2p 80 (water)— O (water) Where r is the distance
and p is the number density of water. Figure 4.4a shows 47 r? P8O (water)— O (water)

a
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Fig. 4.4 (a) Probability of finding additional water molecules at a specific distance from each
water molecule. This is obtained as the product of pair correlation functions of water oxygens,
P80 (water)— O (watery With water density p and 47r2. (b) Water coordination number (CN) of water
molecule as a function of pressure. The CN of water molecule is obtained from the integration of
curve a up to first minimum, which is at 3.7 A. The saturated value of CN of the absorbed phase
(~3.8) is smaller than the CN of the bulk phase (4.5)
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plots for water absorbed in various vapor pressure conditions and compares to the
values for bulk water. Integrating the first peak in Fig. 4.4a leads to the coordina-
tion number CN. For bulk water we obtain CN = 4.59, in good agreement with
CN = 4.5, from neutron diffraction experiment [37]. Figure 4.4b summarizes the
change of the coordination numbers as a function of pressure, showing a behavior
identical with the absorption isotherm in Fig. 4.2. This provides clear evidence for
the spontaneous condensation in which all the water molecules absorbed into the
system participate in water clusters. Figure 4.4 shows that the structure of the water
absorbed in the zeolite framework approaches to that of bulk phase water as the
water uptake/pressure is increased to 101.3250 kPa. However, the saturated value
of CN of the absorbed phase (~3.8) is smaller than the CN of the bulk phase
(4.5). This is reasonable because of the huge surface area of 1362.99 m?/g of the
nanopores of the zeolite (cf. activated carbon has 500-1500 m?/g). We observed
similar behavior for water in Nafion and Dendrion polymer membranes [38, 39, 40].
In order to investigate the effect of the sodium ion on the water struc-
ture, we analyzed the density-normalized Na-O(water) pair correlation function,
4nripg Na—0(watery and the water coordination number of sodium ion as shown in
Fig. 4.5, parts a and b, respectively. Similar to 47tr2pg0(wmr)_o(wam) in Fig. 4.4
we see that 4772 P8Na— 0O (water) increases with increasing pressure with a first peak
position that does not change with pressure. However, the increase of the first peak
intensity of 4mr? PENa—O(water) Up to ~3.5 A was not significant compared to that
of 47 r? P8O (water)— O (water)- This indicates that the first water solvation shell for the
sodium ion saturates rapidly toward CN = ~5.0 (see Fig. 5b inset), which is con-
sistent with the previous indication that water molecules cluster with sodium rather
than interact with the surface of the nanopore, (indicating a hydrophobic nature of
the nanopore surface). We believe that this is because the strong interaction of the
net charge in the sodium ion enhances the development of its solvation structure.
This value shows excellent agreement with the experiment which finds 4.82 [41].

4.3.3 Effect of Water Contents on Sodium Diffusion

The diffusion coefficient of the sodium ion was calculated at pressures ranging from
0.1013 to 101.3250kPa, as summarized at Table 4.1. To characterize the nature of
the diffusion, Fig. 4.6 shows the log-log plot of the mean square displacements
(MSD) versus time. For times up to ~20 ps, the MSD increases as a function of #'/2
indicating single file diffusion (SFD) behavior. For simulation times longer than 20
ps, the MSD shows a normal Fickian behavior (MSD« ¢). This transition of MSD
from SFD to normal Fickian diffusion occurs when the pore confines the particles
but still allows the particles to pass by each other [42]. In the long time Fickian
regime, we obtained the diffusion coefficient D from the mean square displacements
of the sodium ions using Equation 4.3,

D= ((r ) —r (0))2> /61 (4.3)
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Fig. 4.5 (a) Probability of finding sodium ions at a specific distance from each water molecule.
This is obtained as the product of pair correlation functions of sodium atoms and water oxygen,
PENa—0(watery With water density p and 47r2. (b) Water coordination number (CN) of sodium
ions as a function of pressure. The CN of water molecule is obtained from the integration of curve
a up to first minimum, which is at 3.5 A. The saturated value of CN of the absorbed phase (~5.0)
is same to the CN of the bulk phase

In order to examine how the dynamics of sodium ion is influenced by its water
solvation shell, we analyzed the diffusion coefficient of sodium ion versus water
coordination number at 298.15 K. From Fig. 4.7, we observed a dramatic jump at
about CN = 4.5 that corresponds to the point of the water uptake saturation in
the absorption isotherm (Fig. 4.2). Indeed, Faux and his co-workers [43, 44, 45]
reported theoretical studies that the diffusion coefficient of sodium in zeolite-4A
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Fig. 4.6 Log—log plot of mean square displacements (MSD) vs time at 298.15K and 101.3250
kPa based on a trajectory of 12ns. Initially the MSD shows MSD o< ¢!/2 up to r =~20 ps, but
the times >~2 ns, we see normal 3D Fickian behavior (MSD « ¢). The Fickian regime leads to a
diffusion coefficient of D = 1.233 x 1077 cm?/s
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Fig. 4.7 Dependence of diffusion coefficient of sodium ion on water coordination number (CN)
of sodium ion. The diffusion coefficients were calculated from three partitioned trajectories of 12
ns NPT simulations (each partition has 4 ns length), and the error bars were evaluated from the
diffusion coefficients obtained from the three partitioned trajectories. This represents pressures
from 0.1013 to 101.3250 kPa at 298.15 K. At a pressure of ~2.0 kPa, we find an abrupt change in
the water CN. When the sodium ion is solvated by >4.5 water molecules, its diffusion coefficient
increases abruptly by a factor of 3.5. The dashed line is to guide the eye
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system increases from 1 x 1077 cm?/s to 10 x 10~ cm?/s as the number of water
molecules per unit cell increases from 0 to 224 in agreement with the trend and order
of magnitude of the diffusion coefficient in our simulations. Furthermore, Faux et al.
also observed a sudden jump of the sodium diffusion coefficient between 112 and
168 water molecules per unit cell, but did not explain the origin. We believe that
this results directly from the degree of solvation. This spontaneous condensation
of water (discussed in Section 4.3.1), leads to two regimes for the ionic diffusion
in the presence of water. Detailed analysis of sodium ion trajectories allows us to
enunciate why a threshold amount of water uptake is critical to enhance the dif-
fusion of the ion from the microscopic point of view. The doped AlO;, sites are
Bronsted acid sites [46] that bound the nonframework cations via strong Coulomb
interaction. Parts a and b of Fig. 4.8 show the time profile of the Al-Na distances
for the good solvation regime (vapor pressure = 101.3250 kPa) and the poor sol-
vation regime (vapor pressure = 0.1013 kPa), respectively. This shows clearly that
each sodium ion localizes within ~5 A of one of the aluminum-doped sites and
diffuses by hopping from one site to a nearest neighbor aluminum site. Thus, the
diffusion of sodium ion occurs through the hopping mechanism between AlO,
sites (the Bronsted acid sites) with the energy barrier of 3.5-4.0 kcal/mol caused
by the electrostatic interaction. Figure 4.8a indicates that the hopping events occur
every 2 ns on average in the good solvation regime, whereas Fig. 4.8b shows just
1 hop within 12 ns in the poor solvation regime. This explains why the diffusion
coefficient of sodium ion is ~10 times larger in the good solvation regime than in
the poor solvation regime as in Table 4.1. Sufficient numbers of water molecules are
the most critical in creating solvation cage and helping the ionic hopping.

4.3.4 Effect of Temperature on Sodium Diffusion

We calculated the diffusion coefficients of the sodium ions confined in the alumi-
nosilicate zeolite BEA membrane are obtained for various temperatures ranging
298.15 K to 453.15 K. For each temperature, the amount of water uptake was deter-
mined using GCMC simulation (Fig. 4.3). The temperature effect on the sodium
diffusion was taken from MD simulations based on the hydrated zeolite. These dif-
fusion coefficients are presented in Table 4.2 and Fig. 4.9. Up to 373.15 K, the dif-
fusion coefficient of sodium ion increases with increasing temperature, as expected
for a normal activated process. However, we observe from Fig. 4.9 that the diffusion
coefficient decreases with increasing temperature from 373.15 K to 453.15 K. This
anomaly is a consequence of the less hydration of the zeolite at high temperature as
previously discussed in Section 4.3.2. Here, the insufficient water absorption results
in a less developed solvation shell, which cannot facilitate the sodium ion hopping
events. Thus, the diffusion coefficient decreases at high temperature range with less
number of water molecules. Therefore, just as in the discussion about good solva-
tion and poor solvation regimes that depend on the vapor pressure, we consider that
the good solvation regime applies up to 373.15 K, while the poor solvation regime
applies beyond 400 K (the 393.15 K point lies within the transition regime.)
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Fig. 4.8 Time dependence of the distances of one sodium ion to all 8 aluminum atoms of the zeolite
membrane. The distance to each aluminum atom is shown with a different color. (a) Vapor pressure
is 101.3250 kPa (good solvation regime) at 298.15 K. This shows that it took 2 ns for the Na to hop
from a position 4.8 A from the purple Al to a position 7.5 A from the black Al. Here a distance of
4.8 A indicates one water shell between the Na and the Al, while 7.5 A indicates separate water
shells around each; (b) vapor pressure is 0.1013 kPa (poor solvation regime) at 298.15 K. In this
case the Na remains at 4 A from the Al which indicates that the Na remains coordinated to the O
of the Al
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Table 4.1 Vapor pressures, water uptake/cell, water coordination numbers of the water molecule
(up to 3.7 A cutoff), water coordination numbers of the sodium ion (up to 3.5 A cutoff), and
diffusion coefficients from NPT MD at temperature of 298.15 K

vapor pressure (kPa) water uptake/Cell CN water CN (sodium) diffusion coefficient (cm?/s)

0.1013 10.15 1.55 3.51 (0.338 4 0.033) x 1077
0.5066 16.57 222 3.94 (0.382 4 0.048) x 1077
1.0133 30.08 3.01 4.39 (0.642 4 0.219) x 1077
1.9006 40.10 3.16 4.29 (1.43140.041) x 1077
3.1677 41.86 3.29 4.67 (1.170 4 0.035) x 1077
10.1325 46.18 3.54 4.68 (1.478 £ 0.368) x 1077
101.3250 50.00 3.77 5.04 (1.466 4 0.601) x 1077

Table 4.2 Temperature, water uptake/cell, and diffusion coefficients at constant pressure condition
of 101.3250 kPa

temperature water uptake/Cell CN CN diffusion coefficient
(K) (water) (sodium) (cm?/s)
298.15 50.00 3.77 5.04 (1.466 4 0.601) x 1077
325.15 46.25 3.73 4.71 (2.372 £0.024) x 1077
353.15 42.12 3.72 4.24 (3.762 4 0.822) x 1077
373.15 36.50 3.46 4.39 (4.806 & 0.226) x 1077
393.15 26.17 3.27 4.08 (3.725 £ 0.188) x 107
423.15 13.73 2.45 3.63 (2.630 & 0.459) x 1077
453.15 9.75 1.74 3.42 (3.042 4 0.301) x 1077
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Fig. 4.9 Dependence of the sodium diffusion coefficient on the temperature for a vapor pressure
of 101.3250 kPa. The diffusion coefficients were calculated from three partitioned trajectories of
12 ns NPT simulations (each partition has 4 ns length), and the error bars were evaluated from the
diffusion coefficients obtained from the three partitioned trajectories. Up to 373.15 K, the diffusion
coefficient increases with increasing temperature, whereas it decreases beyond 373.15 K due to the
depletion of the water solvation
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Normally, the temperature dependence for diffusion coefficient is written in terms
of a standard Arrhenius equation, Equation 4.4.

AE
D= Aagexp (——= )., (44)
iff €Xp ksT

where the AE implies the energy barrier for the hopping from one site to another
site. Agyy = L%kpT/hexp(ns/R) is the prefactor, a product of frequency factor
(activation entropy term) with a hopping-related length (L). kp is the Boltzmann
constant and 7 is the absolute temperature. In order to include the solvation effect,
we define the stabilization energy A E,;, due to the solvation. This leads to a mod-
ified Equation 4.4 where A i soive now includes a correction for solvation.

AE — AEsolv) 4.5)

D = Agig— exp| —
diff —solve €XP ( kT

We assume that the A E,p, is a step function which is zero for the poor solvation
regime and nonzero for the good solvation regime, which implies that the incom-
plete solvation shell of sodium ion has no effect to stabilization. The Arrhenius plot
for each regime is shown in Fig. 4.10 and the curve for each regime is fitted with
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Fig. 4.10 Arrhenius plots of diffusion coefficient from each solvation regime: the red squares are
for the poor solvation regime and the blue diamond is for the good solvation regime. The solid
black line is a linear fitting of each regime. This leads to D3pox = 3.762 X 108 ¢cm?/s and
E,et = 3.810 kcal/mol for the poor solvation regime and D3pox = 1.512 x 1077 cm?/s and
E . = 3.540kcal/mol for the good solvation regime, and the equation of each fitted line and R2
value are inset in the figure
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a linear equation using least-squares fitting method. From the slope of the fitted
line, we estimate the AE = 3.810 kcal/mol for the poor solvation regime and the
AE — AEg,, = 3.540kcal/mol for the good solvation regime. Thus, the stabiliza-
tion energy by solvation (A E,p,) becomes 0.270 kcal/mol. The y-intercepts lead to
Agir = —10.70 cm?/s and Adiff—solve = —9.76 cm?/s. The nearly unit value for A
suggests that the diffusion mechanism for both regimes is basically identical, sup-
porting the Equation 4.5. Although no experimental data has been reported for the
energy barrier of the diffusion of sodium ion, the energy barrier for the diffusion of
sodium ion in the B8 alumina (known as a good ionic conductor) has been measured
experimentally [47, 48]. Since the sodium ion in the 8 alumina is also believed to
jump around aluminum oxide sites, these values should be comparable with ours.
Kim et al. [47] reported that the barrier as 3.275 kcal/mol from the measurement
of ionic conductivity and 3.897 kcal/mol from the measurement of sodium tracer
diffusion. Also the values from Whittingham and Huggins [48] obtained values of
3.81 kcal/mol from the tracer diffusion measurement and 3.95 kcal/mol from the
dielectric loss measurement. All these values are very comparable to our AE value
of 3.540 kcal/mol, supporting the accuracy of our simulations. On the basis of these
comparable values of the energy barrier, we expect that the stabilization energy for
the hydrated system would also be reasonable although the effect of hydration in
such aluminosilicate system has yet been reported.

4.4 Conclusions

Combining GCMC and MD simulations, we studied the effect of hydration on
the sodium dynamics. From the absorption isotherm, we observed that the water
absorption in BEA zeolites proceeds with a spontaneous condensation at a pressure
of 3.5kPa and a temperature of 298.15 K even though the internal space of zeolite
remains hydrophobic. Below the pressure of 101.3250 kPa, the water uptake of the
zeolite decreases monotonically with increasing temperature. From the pair corre-
lation functions, we found that the tetrahedral water solvation structure for water
molecule is suppressed by the hydrophobic pore surfaces. In contrast, the water
solvation structure surrounding the sodium ion remains ~5.0. This difference is a
direct consequence of the strong electrostatic interaction of the positively charged
sodium ion with water molecules.

The MD trajectories indicate that the sodium ions are electrostatically bound to
the aluminum-doped sites and the diffusion of the sodium ions proceeds via hopping
mechanism among these aluminum-doped sites (Fig. 4.8).

On the basis of the spontaneous water condensation process, we found the two
regimes: a good solvation regime below 373.15K and a poor solvation regime
above 400 K. The Arrhenius plot of each regime leads to an energy barrier of
3.540 kcal/mol for the diffusion of sodium ion for the good solvation regime and
of 3.810kcal/mol for the poor solvation regime. This leads to an estimate of
0.270 kcal/mol for the stabilization energy due to the solvation of sodium ion.
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This study of the sodium diffusion through BEA zeolite shows that the ionic
diffusion in the confined geometry depends on the degree of solvation by water
which distinguishes it from bulk diffusion. As a next step, we are planning to directly
investigate the proton diffusion through the aluminum-doped zeolite BEA system
based on results of the current study.
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Chapter S

Experimental and Theoretical Investigation
into the Correlation Between Mass and Ion
Mobility for Choline and Other Ammonium
Cations in N,

Reprinted with permission from Kim, H; Kim, H. I.; Johnson, P. V.; Beegle, L. W.;
Beauchamp, J. L.; Goddard, W. A.; Kanik, I. Anal. Chem. 2008, 80 (6), 1928-1936.
Copyright 2008 American Chemical Society.

Abstract A number of tertiary amine and quaternary ammonium cations spanning a
mass range of 60— 146 amu (trimethylamine, tetramethylammonium, trimethylethy-
lammonium, N, N-dimethylaminoethanol, choline, N, N-dimethylglycine, betaine,
acetylcholine, (3-carboxypropyl)trimethylammonium) were investigated using elec-
trospray ionization ion mobility spectrometry. Measured ion mobilities demonstrate
a high correlation between mass and mobility in N;. In addition, identical mobilities
within experimental uncertainties are observed for structurally dissimilar ions with
similar ion masses. For example, dimethylethylammonium (88 amu) cations and
protonated N, N-dimethylaminoethanol cations (90 amu) show identical mobili-
ties (1.93cm? V~—!s~1) though N, N-dimethylaminoethanol contains a hydroxyl
functional group while dimethylethylammonium only contains alkyl groups. Com-
putational analysis was performed using the modified trajectory (TJ) method with
nonspherical N, molecules as the drift gas. The sensitivity of the ammonium cation
collision cross-sections to the details of the ion-neutral interactions was investigated
and compared to other classes of organic molecules (carboxylic acids and abiotic
amino acids). The specific charge distribution of the molecular ions in the investi-
gated mass range has an insignificant affect on the collision cross-section.

5.1 Introduction

The development of soft ionization methods such as electrospray ionization
(ESD) [1] have expanded the application of ion mobility spectrometry (IMS) [2, 3] to
structural investigations of nonvolatile biomolecules in the gas phase [4]. ESI allows
soft sampling by transferring intact ions directly from the solution phase to the
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gas phase. Using this distinctive advantage of ESI, the shapes and sizes of various
biomolecular ions from monomeric molecules to macrosize protein complexes have
been investigated. The combination of ESI and IMS has facilitated conformational
studies of macroions including clusters (oligomers) [5, 6, 7], peptides [8, 9], and
proteins [10, 11, 12]. In addition, ion mobilities of organic molecules such as amino
acids [13, 14], carboxylic acids [15], and dinucleotides [16], as well as other organic
molecules [17, 18], have been reported.

To provide a firm foundation for studies of the shapes of complex organic molec-
ular ions using IMS, many research groups have endeavored to develop theoretical
models to predict ion mobilities and related cross-sections of gas-phase molecular
ions. Griffin et al. [19] have shown that mass and mobility are only correlated on
the order of 20% within a collection of structurally unrelated compounds spanning
a mass range of ~70—-500amu. The correlations are improved up to 2% when
only structurally related compounds are considered. Karpas and co-workers have
established models to predict the mobility for a number of compound classifications
including acetyls, aromatic amines, and aliphatic amines drifting in He, N, air,
Ar, CO;, and SFg [20, 21]. Our laboratory has applied a 12 —4 potential model
in studies of amino acids and carboxylic acids drifting in N, and CO, [14, 15].
Recently, Steiner et al. have reported predictions of mobilities for a series of differ-
ent classes of amines (primary, secondary, tertiary) in various drift gases, such as He,
Ne, Ar, Nj, and CO», using several theoretical models (rigid-sphere, polarization-
limit, 12 — 6 — 4, and 12 — 4 potential model) [22].

Computational modeling related to interpretation of IMS data has been devel-
oped by several groups. Efforts toward theoretical ion mobility predictions using
computational methods face difficulties associated with complicated collision inte-
grals and the design of functions to accurately describe the ion-neutral interaction
potential. Bowers and co-workers have proposed a project approximation method,
which is based on a hard-sphere description of the interaction potential [23]. The
trajectory (TJ) method, which has been proposed by Jarrold and co-workers, adopts
more realistic soft-core interactions [24].

Ton mobility constants (K) can be derived from the collision cross-section using
the equation [25]

18m)'/? 1 ze 1
K= 16 12 172 N’ G.1)
m= (kgT) /= Qp

where p is reduced mass, N is the number density of the neutral gas molecule, and
z is the charge of the ion. The collision cross-section, 2p, is given by [24]

2 2
Q _— il Il
b= 8712 do / a9 / dy <k T)
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and 0, ¢, and y are the three-dimensional collision angles, g is the relative velocity,
and b is the impact parameter. Because the scattering angle x (6, ¢, v, g, b) depends
on the pairwise potential between the ion and neutral gas molecules, the accuracy
of computed cross-section values is determined by the quality of the interaction
potential model. The potential employed in the TJ method [24] for a He drift gas is
given by

n 12 6
ewernn=se|(2) ()] -5 6
1 " 2 n 2 n 2
Xi yi Zi
(Zr?> +<Zr_.3> +(Zr—3) . (53

i i i i

The first term is a sum over short-range van der Waals interactions, and the sec-
ond term represents long-range ion-induced dipole interactions. In the expression,
€ is the depth of the potential well, o is the value of distance () between the cen-
ters of mass of the each atom in the ion and neutral gas molecule at the potential
minimum, and R is the neutral polarizability. The coordinates, r;, x;, y;, and z;, are
defined by the relative positions of the atoms with respect to the neutral. Utilizing
the given ion-neutral interaction potential functions, the integrals in Equation 5.2
can be processed numerically. Monte Carlo integration schemes are used for the
integration over 6, ¢, y, and b. The numerical integration over g is performed using
a combination of the Runge-Kutta-Gill integration method and the Adams-Moulton
predictor corrector integration method.

Choline is a precursor for phosphatidylcholine, sphingomyelin, and other impor-
tant biological molecules [26]. Further, it is a component of cell membrane lipids in
biological systems, and it plays an important role in their repair. Choline can be oxi-
dized to betaine, which is readily demethylated to yield N, N-dimethylglycine [26].
Decomposition of choline yields trimethylamine and dimethylamine [27]. Search-
ing for lipids and their components (i.e., choline) may be a valuable strategy in the
search for evidence of extinct or extant life elsewhere in the cosmos. Under the
high oxidizing conditions and significant ultraviolet flux found on the surface of
Mars, one would expect decomposition products of lipids to include various alky-
lamines [28].

In the present study, mobilities have been measured for a number of quaternary
and tertiary ammonium cations related to choline and its derivates drifting in N,. Of
particular interest was the possible dependence of mass-mobility correlations with
the heavy atom (C, N, O) complements present in the molecular ion, comparing,
for example, alkylated ammonium ions to abiotic amino acids (betaine and N,
N-dimethylglycine). A modified TJ method for the ion-neutral interaction, to
account for the potential associated with the nonspherical drift gas N», has been
applied to predict cross-sections of these polyatomic ammonium cations and to
test the sensitivity of collision cross-section to details of the ion-neutral interac-
tion. Comparisons of the results from the ammonium cations to other classes of
organic molecules (carboxylic acids and abiotic amino acids) are presented. The
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origin of the observed correlation between mass and mobility of ammonium cations
is discussed.

5.2 Experimental Section

5.2.1 Chemicals and Reagents

All the compounds studied in this work were purchased from Sigma Aldrich
(St. Louis, MO) and were used without further purification. All solvents (water,
methanol, acetic acid) were HPLC grade and were purchased from EMD Chemicals
Inc. (Gibbstown, NJ). Quaternary ammonium samples were prepared by dissolving
known quantities of ammonium ions in a solvent consisting of 50% water and 50%
methanol by volume to give sample concentrations in the range of 100 uM. Tertiary
amine samples were prepared as 300 M in a solvent of 50:50 water and methanol
with 1% acetic acid by volume.

5.2.2 Electrospray Ionization lon Mobility Spectrometer

The ESI-IMS instrument and the data acquisition system used in this investigation
were based on designs previously described by Hill and co-workers [17, 29] and
have been described in detail by Johnson et al. [14]. The drift length of the ion
mobility spectrometer was 13.65cm and was operated in the positive mode. A
drift voltage of 3988V, corresponding to electric field strength of 292 V/cm, was
employed. All measurements were made at local atmospheric pressure (~ 730 Torr)
while a counterflow of the preheated drift gas was introduced at the detection end of
the drift region at a flow rate of ~ 800 mL/min. The sample solution was delivered
by an Eldex Micropro liquid chromatography pump at a flow rate of 3 uL/min into
a stainless steel electrospray needle, which was held at a potential 3 — 4 kV above
the entrance to the desolvation region of the spectrometer. The gap between the
electrospray needle and the entrance electrode was ~ 2 cm.

Ions were introduced into the drift region through the ion gate in 0.2-ms pulses.
Signals collected at the Faraday cup were amplified by a factor of 10° (Stan-
ford Research Systems model SR570 low-noise current preamplifier) and recorded
as a function of drift time in 0.02-ms-wide channels. Typically, 1000 individual
0 — 25-ms scans were averaged to produce the final spectra used in the analysis.
Resolution of the instrument was found to be ~ 0.43 ms full width at half-maximum
(FWHM) with drift times in the range 12 — 17 ms for the ions studied and the param-
eters employed in these experiments.

Throughout this work, it was assumed that ESI of the prepared samples resulted
in singly charged ammonium cations. The assumption was confirmed by ESI mass
spectrometric analysis using a Finnigan LCQ Deca XP ion trap mass spectrome-
ter. The mass spectra of all nine samples in the present study show singly charged
monomeric molecular cations as the major ionic species. Since the experiments were
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conducted with the drift cell at 473 K, it was further assumed that there was no
significant water cluster formation based on previous IMS-MS studies [18, 30].

Reduced ion mobilities, K, were determined from the recorded spectra and the
experimental parameters according to the usual relation,

o (23K P D? 5.4)
"\t ) 7600 ) Vi '

where V is the voltage drop across the drift region, D is the drift length, ¢ is the
drift time, P is the pressure, and T is the temperature. With the above parame-
ters expressed in units of V, cm, s, Torr, and K, respectively, Equation 5.4 gave the
reduced mobility in the typical units of cm?> V! s~!. The experimental uncertain-
ties of the determined K¢ values are estimated to be ~ 3% based on the half width
at half-maximum (HWHM) of each drift time peak in the averaged ion mobility
spectra.

5.2.3 Computational Modeling

More than 500 possible molecular conformations were investigated through
dihedral angles of —180° to 180° at the PMS5 level using CAChe 6.1.12
(Fujitsu, Beaverton, OR). Then, the lowest-energy structures were determined using
density functional theory (DFT) with a number of candidate low-energy structures
from the previous PMS5 calculations. DFT calculations were performed using Jaguar
6.0 (Schrodinger, Inc., Portland, OR) utilizing the Becke three-parameter functional
(B3) [31] combined with the correlation functional of Lee, Yang, and Parr (LYP)
[32], using the 6-31G** basis set [33]. The optimized structures of ammonium
cations investigated in the present study are shown in Fig. 5.2.

The TJ method [24], originally developed by Jarrold and coworkers, was mod-
ified to describe the interaction between ions and an N, drift gas and expand the
applicability of the TJ method beyond cases of ions drifting in He. As shown in
Equation 5.3, the potential used in the original TJ method consists of two terms
representing van der Waals and ion-induced dipole interactions, which are charac-
terized by the Lennard-Jones parameters (¢,0) and the neutral polarizability («),
respectively. We set the polarizability of N, at the experimentally determined value
[34] of 1.710 x 10~2* cm? and took the Lennard-Jones parameters described in
the universal force field [35], which is a general purpose force field optimized for
all the elements in the periodic table. Due to the linear geometry of N, two more
consequences should be additionally taken into account; the ion-quadrupole interac-
tion and the orientation of the molecule. We mimic the quadrupole moment of N»,
(—4.65 4 0.08) x 10740 C cm? [36], by displacing charges by negative g (0.4825¢)
to each nitrogen atom and one positive 2g at the center of the nitrogen molecule.
Hence, the ion-quadrupole potential can be expressed with simple summations of
partial charges as follows:
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where indexes i and j denote the atoms of the ion, three points of Np. j = 1 and
3 indicate the two nitrogen atoms, and j = 2 indicates the center of mass position
of Nj.

To consider the orientation of the nitrogen molecule rigorously, all possible tra-
jectories with varying molecular orientations were taken into account. It has been
widely accepted that the ion field does not exclusively quench the rotational angular
momentum of the neutral molecule and only partial locking occurs during the col-
lision process [37, 38]. Thus, we assumed that the interaction potential averaged
over the rotational degree of freedom generates an appropriated average impact
parameter [39]. The calculated rotation time of a N, molecule (~ 620 ns) implies
that approximately three molecular rotations occur during a collision between an
ion and N, taking place (~ 2 ps). The orientations of Ny are sampled along with x,
v, and z axes to represent all the three-dimensional rotational space. Then the orien-
tation averaged interaction potential is evaluated using Boltzmann weighting. Using
these different weights, the orientation averaged interaction potential is evaluated,
and this potential is used to compute the collision cross-section.

For the calculations of collision cross-section of ions, it is assumed that the
DFT optimized structures are rigid. To ensure that the assumption is valid for the
ammonium cations investigated in the present study, the collision cross-sections
of two extreme conformations for the largest two ionic molecules, acetylcholine
and (3-carboxypropyl)trimethylammonium, are estimated. The DFT calculated
electronic energies reveal that the extended structures of both acetylcholine and
(3-carboxypropyl)trimethylammonium are unstable by 4.24 and 0.547 kcal/mol,
respectively, compared to cyclic structures shown in Fig. 5.2. The maximum dif-
ference between two conformations of (3-carboxypropyl)-trimethylammonium is

2 . . L
calculated as ~7A", which we can set as a maximum error bound originating from
the structural uncertainty.

5.3 Results

5.3.1 Mass-Mobility Correlation of Ammonium Cations

IMS spectra were obtained as described above. The drift times of the ammonium
cations were determined from the location of the peak maximums. Figure 5.1 shows
example spectra taken with pure solvent being introduced to the electrospray needle
and with 300 uM N, N-dimethylammoniumethanol dissolved in the solvent. These
spectra are characteristic of those considered in this work. Measured drift times,
reduced ion mobilities (in Ny drift gas), and determined €2p for the nine ammo-
nium cations chosen for this study are listed in Table 5.1 along with their respective
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Fig. 5.1 Examples of the ion mobility spectra taken in this study. Shown are two spectra taken
in 730 Torr Nj. The electric field strength and the temperature of the drift tube were 292 V/cm
and 473K, respectively. The dash curve is a spectrum taken with pure solvent being intro-
duced to the electrospray needle while the solid curve is a spectrum of solvent and 300 uM N,
N-dimethylammoniumethanol. The two spectra were smoothed (10 point adjacent averaging) and
shifted in intensity by an additive constant to avoid overlap. The N, N-dimethylammoniumethanol
feature is indicated in the figure. The unlabeled features correspond to ionized solvent (water,
methanol, acetic acid) and atmospheric constituents ionized through proton transfer (due to the
open nature of the ESI-IMS instrument)

Table 5.1 Drift times, reduced mobilities, and collision cross-sections of ammonium cations in Nj
drift gas

ammonium cation “MW bpr ‘Ko 1Qp

trimethylammonium 60 12.1 2.15 91.2
tetramethylammonium 74 12.7 2.04 95.3
trimethylethylammonium 88 13.4 1.93 102.2
N, N-dimethylammoniumethanol 90 13.4 1.93 100.9
choline 104 14.1 1.84 104.5
N, N-dimethylglycine 104 14.1 1.84 102.3
betaine 118 14.7 1.76 105.3
acetylcholine 146 16.3 1.59 118.5
(3-carboxypropyl)trimethylammonium 146 16.4 1.58 1159

“Molecular weight (amu). bDrift time (ms). “Reduced mobility (cm? V—1 s=1. 4Collision cross-
section (Az).

molecular weights. The 12 — 4 potential model, which has proven satisfactory to
model experimental data [14, 15, 20, 21, 22] has been used for the analysis of
the experimentally determined mobilities of ammonium cations. The potential is
expressed as
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where €, r, and o are defined above and the parameter a is the location of center
charge from the center of mass in the ion. Rearrangement of Equation 5.6, along
with the substitution of the appropriate constants, yields

Kot = (1697 x 107) (u1) 2 0217, (57)

which gives the reduced ion mobility in terms units of cm? V~! s=1 Q. Dx
is the dimensionless collision integral, where Qp = 7a2QUD* Derivation of
Equation 5.7 from Equation 5.6 is well described by Johnson ef al. [14]. Equa-
tion 5.7 was fit to the data set of ammonium ion mobilities in Ny using a non-
linear least-squares fitting procedure [14]. The plot of K ! versus ion mass for
ammonium cations drifting in N3 is shown in Fig. 5.2 along with the best fit to the
data. As seen in Fig. 5.2, all nine ammonium cations investigated in the present
study exhibit a good correlation (R? = 0.99) between mass and mobility of ion. In
particular, the two different classes of ammonium cations (tertiary and quaternary)
investigated in this study exhibit a common mass-mobility correlation. Further, the
heteroatomic complements of the molecular ions do not impact the mass-mobility
correlation.

5.3.2 Tertiary and Quaternary Ammonium Cations with Similar
Molecular Weights

Two sets of cations, which have similar molecular weights but different structures,
were chosen to investigate the influence of the composition and structural details
of the ion on the mobility. The molecular weights of trimethylethylammonium
and N, N-dimethylammnoiumethanol are 88 and 90 amu, respectively. There is
a significant structural difference between these two ions in addition to vari-
ation in the degree of alkylation to the ammonium groups. Protonated N, N-
dimethylammoniumethanol possesses a hydroxyl group at the ethyl group while
trimethylethylammonium possesses only alkyl groups. The molecular weights of
choline and N, N-dimethylglycine cation are both 104 amu. Protonated N, N-
dimethylglycine cations contain a carboxyl group while choline possesses a
hydroxyl group. Experimentally determined mobility values of trimethylethylam-
monium and N, N-dimethylammoniumethanol are identical at 1.93cm? V~!s~1,
Mobilities of both choline and N, N-dimethylglycine cation are measured as
1.84cm?>V~!s~! It is inferred that the contribution of the oxygen atom to the
mobility (ion-neutral ion-neutral interaction) is not significantly different from that
of a methylene group in the investigated ammonium cations.
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Fig. 5.2 Plot of K, ! for 3° and 4° ammonium cations drifting in Ny versus ion mass. Experimen-
tally determined data for 3° ammonium and 4° ammonium cations are shown as asterisks and solid
squares, respectively. The solid line is the fit of the 12—4 potential model to the ammonium cation
data set. DFT optimized structure of each numerically or alphabetically labeled ion is shown above.
Optimized geometries are obtained at B3LYP/6-31G** level. The hydrogen bonds are indicated
with dashed lines

5.3.3 Functional Group Isomers of Ammonium Cations

Two functional group isomers, acetylcholine and (3-carboxypropyl)-trimethyl-
ammonium cation, were examined to study the influence of the location of oxy-
gen atoms on the molecular ion’s mobility. As seen in Fig. 5.2, acetylcholine
and (3-carboxypropyl)trimethylammonium are not distinguishable based on their
mobilities.
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5.3.4 Collision Cross-Sections of Ions in N, via the Trajectory
Method

Theoretical 2p of the ammonium cations investigated in this study were evaluated
using the modified TJ method. Prior to application of the modified TJ method to
the ammonium cations, we tested the model on previously published experimental
data. Figure 5.3a shows the plot of experimentally determined Q2p of carboxylic
acid anions [15] and abiotic amino acid cations [14] in N, versus those determined
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Fig. 5.3 (a) Plot of experimentally determined collision cross-sections (2p) of abiotic amino acid
cations [14] and carboxylic acid anions [15] in Nj versus theoretically determined 2p using the
modified TJ method for N drift gas. Abiotic amino acid cation data are shown as solid squares
and carboxylic acid anion data are shown as empty circles. The solid line is y = x. (b) Plot of
experimentally determined collision cross-sections (2p) of 3° and 4° ammonium cations in N>
versus theoretically determined €2 using the modified TJ method for N; drift gas. 3° ammonium
cation data are shown as asterisks and 4° ammonium cation data are shown as solid squares. Each
ion is labeled with the appropriate identifying number and alphabet shown in Fig. 5.1. The solid
lineisy =x
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theoretically using the modified TJ method following the procedure described in the
Experimental Section. Theoretical Qp of both carboxylic acid anions and abiotic
amino acid cations exhibit good agreement with experimental values. The agree-
ment is within 5% in the worst-case deviation with less than 2% deviation on
average. Figure 5.3b shows the plot of 2p of ammonium cations obtained exper-
imentally versus theoretical collision cross-sections calculated using the modified
TJ method. The worst observed deviation of the model from the experimental cross-
sections is 5% with an average deviation of 2.5%.

5.4 Discussion

5.4.1 Classical Ion-Neutral Collision Model

The cross-section includes the information regarding the ion-neutral interaction. An
ion and a neutral interact through the long-range ion-induced dipole potential, which
is given by

(ze)*a

S (5.8)

DPrip=—

where z, R, and r are defined above. The effective potential, @4 (r), is expressed
as ©yp + L? / 2/Lr2, where L is angular momentum of the collision partners about
the center of mass of the combined system. The critical impact parameter b* =

(201e2 /KE)I/ * is derived by setting KE equal to the maximum effective potential,
CDZﬁ(r), which is given by 1/2(KE)?b*/ae?, where KE is the relative kinetic energy.
Then the Langevin capture cross-section is

2ae?
KE °

Q=7x() =x (5.9)

When the hard-sphere collision radius, R, is greater than b*, the Langevin model

is no longer appropriate and collisions are dominated by large angle deflections
appropriate for a hard-sphere model. In this case, momentum transfer is no longer
dominated by long-range interactions. In order to assess the ion-neutral collision
under our experimental conditions, b* and €, are evaluated from the mean relative
kinetic energies. The evaluated €27 and b* are then compared to the experimental
Qp and R, (Table 5.2). The hard-sphere collision radius R, is determined from the
experimental 2 p by equating it to 7w RLZ.. Experimental mean relative kinetic energies
can be determined from the Wannier energy formula,

KE—1 2—3k T+1Mv2 (5.10)
_ZMg —28 ) 4> .
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Table 5.2 Critical impact parameter, b*, Langevin capture cross-section, 7, and mean relative
kinetic energies, KE, during the experiments with experimentally determined hard-sphere collision
radius, R, for each ammonium cation

KE b* Qr R.

ammonium cation (kcal/mol) (A) (10%2) (A)

trimethylammonium 1.70 5.08 81.0 541
tetramethylammonium 1.69 5.09 81.3 5.48
trimethylethylammonium 1.67 5.10 81.7 5.57
N, N-dimethylammoniumethanol 1.67 5.10 81.7 5.55
choline 1.65 5.11 82.1 5.66
N, N-dimethylglycine 1.65 5.11 82.1 5.67
betaine 1.64 5.12 82.5 5.75
acetylcholine 1.60 5.15 83.4 6.01
(3-carboxypropyl)trimethylammonium 1.60 5.15 83.5 6.01

where M is mass of drift gas molecule and vy is drift velocity of ion [40]. Under
the current experimental conditions described in the Experimental Section, b* is
calculated on the order of 5 A. Comparison with R, shows that b* in our system is on
the same order, i.e., less than 1 A smaller (Table 5.2). It is therefore inferred that the
group of molecules studied here are on the borderline between being dominated by
long-range versus short-range interactions, favoring some orbiting at lower collision
energies, which would then determine the cross-section for momentum transfer and
hence the mobility.

5.4.2 Computational Trajectory Method

Ammonium cations investigated in this study exhibit a correlation between mass and
mobility (Fig. 5.2). In order to understand and estimate the effect of the each compo-
nent of the ion-neutral interaction potential in terms of the observed mass-mobility
correlation in our experimental system, theoretical calculations were performed
using the modified TJ method. The collision cross-sections (£2p) were evaluated
using molecular ions with restricted interaction potentials and artificial charge dis-
tributions. Comparisons of the Qp of tertiary (3°) and quaternary (4°) ammonium
cations, abiotic amino acid cations, and carboxylic acid anions, which are calculated
with different interaction potentials, are shown in Figs. 5.4 and 5.5.

5.4.3 Ion-Quadrupole Potential

In order to understand the role of the ion-quadrupole interaction in ion-neutral inter-
actions, the Q2 p are computed without ion-quadrupole interactions. The presence of
the quadrupole moment elevates the Q2 p by 2.8% for the ammonium cations, 2.7%
for the abiotic amino acid cations, and 4.2% for carboxylic acid anions (Fig. 5.4a).
Overall, it is observed that the addition of the ion-quadrupole potential to the model
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Fig. 5.4 Plots of theoretically determined collision cross-sections (€2p) (a) with potential from van
der Waals and ion-induced dipole (VDW 4 IID) interactions over the theoretical 2p with original
pairwise potential, van der Waals + ion-induced dipole + ion-quadrupole (VDW + IID + 1Q)
interactions, and (b) with potential from van der Waals potential (VDW) over the theoretical 2p
with potential from van der Waals and ion-induced dipole (VDW + IID) interactions of 3° and 4°
ammonium cations, abiotic amino acid cations, and carboxylic acid anions in N, versus ion mass.
The ammonium cation data, the abiotic amino acid cation, and carboxylic acid anion data are
shown as solid squares, empty circles, and asterisks, respectively

for ion-Nj interaction improves the agreement between experimental and theoretical
Qp values. Previously, Su and Bowers reported quadrupole effects for molecules
with high quadrupole moments using the average quadrupole orientation theory
[41]. They demonstrated the significance of quadrupole effects, especially in the
case when the ionic charge and quadrupole moment have the same polarity [41].
In analogy, a larger quadrupole effect is observed in carboxylic acid anions versus
ammonium and abiotic amino acid cations, since nitrogen has a negative quadrupole
moment. During the collision process, therefore, the change of a favorable
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Fig. 5.5 Plots of theoretically determined collision cross-sections (£2p) of 3° and 4° ammonium
cations, abiotic amino acid cations, and carboxylic acid anions in Ny versus ion mass. The cal-
culated Q2p of the molecular ions only with van der Waals (VDW) interaction with N; are shown
as empty squares (left y-axis). The calculated Q2p of the molecular ions with original pairwise
potential, van der Waals + ion-induced dipole + ion-quadrupole (VDW +- IID + I Q) interactions,
with Ny are shown as solid circles (right y-axis)

orientation induced by the total ionic charge influences the collision cross-sections
via ion-quadrupole interaction. This causes the observed difference of the N» drift
gas in ion-neutral interactions compared to spherical drift gas (i.e., He).

5.4.4 Ion-Induced Dipole Potential

In order to understand the effect of the long-range ion-induced dipole interactions
between ions and neutral N, molecules, theoretical collision cross-section with the
van der Waals and ion-induced dipole potential (2p vpw+np) of molecular ions
are compared to collision cross-sections computed after assigning the total charge
of the ionic molecule as neutral (2p yvpw). The calculated Q2p ypw with the van
der Waals-only potential are ~8-23% smaller than the calculated Qp vpw+mp.
The observed difference is attributed mainly to the lack of long-range interactions.
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Figure 5.4b shows plots of theoretically determined $2p ypw over the theoretical
Qp.vpw+np of 3° and 4° ammonium cations, abiotic amino acid cations, and car-
boxylic acid anions in N versus ion mass. The agreement between the Qp ypw
of ions and the Qp ypwpip increases from 75 to 92% along with the mass of the
molecular ion increases (Fig. 5.4b). This is easy to rationalize since the contribution
of the van der Waals interaction increases as the size (i.e., number of atoms) of
the molecular ion increases. As a result, it can be concluded that the contribution
of long-range ion-induced dipole interaction is important for the Q2p of small size
molecular ions, while the van der Waals interaction prominently affects to the Qp
in large size molecular ions in this study.

5.4.5 Van der Waals Potential

The plots of the 2p of 3° and 4° ammonium cations, abiotic amino acid cations,
and carboxylic acid anions determined only with the van der Waals potential versus
ion mass are shown in Fig. 5.5, providing the comparison with the corresponding
Qp from original pairwise potential, which is the combined potential of van der
Waals, ion-induced dipole, and ion-quadrupole interactions. It is notable that the
characteristic relative Qp ypw show high similarity to the relative Q2p from the
original theoretical calculations. It is inferred that the distinction between the Q2p
for each ion is largely due to the short-range van der Waals interaction between ion
and neutral N> molecule. The molecular weight and specific geometry of the ions is
considered to dominate the short-range van der Waals interaction, which affect the
collision cross-section of the ion.

5.4.6 Mass-Mobility Correlation

It has been suggested from the classical ion-neutral collision calculation that our
ion-neutral collision occurs at the borderline between systems dominated by either
long-range or short-range interactions. This is well supported from the theoretical
investigation using the TJ method. The contribution of long-range interaction to the
Qp of ammonium cations is large (~ 30%) for small ions and decreases to less than
10% as the size of the ion increases.

Previous studies have suggested that charge localization on certain functional
groups and the specific structure of the ion play major roles in the interaction
between ions and neutral gas molecules in IMS [7, 8, 9]. In order to assess the
effect of specific charge distribution in the molecular ion on Qp, the ionic Qp
were evaluated after assigning the charge of the molecular ion at the center of
mass. In general, Qp of ions, in which a total charge +1 has been assigned at the
center of mass in the molecule exhibit insignificant deviations from the Qp of the
ions determined with DFT calculated Mulliken charge distributions. The 2p of the
ammonium cations with the charge at the center of mass show an average deviation
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Table 5.3 Theoretically determined collision cross-sections of 3° and 4° ammonium cations

aQ D agQ) D aQ) D aQ D
(*VDW+ (¢VDW+ (VDW) (¢center
ammonium cation IID+/1Q) ‘IID) charge)
trimethylammonium 91.2 86.9 69.3 91.3
tetramethylammonium 95.3 91.6 75.6 95.1
trimethylethylammonium 102.2 99.2 83.7 101.0
N, N-dimethylammoniumethanol 100.9 97.7 81.9 100
choline 104.5 101.5 87.0 104
N, N-dimethylglycine 102.3 99.2 83.0 101.7
betaine 105.3 102.4 87.7 105.3
acetylcholine 126.3 123.7 110.3 120.2
(3-carboxypropyl)trimethylammonium 121.1 119.0 105.4 117.8

.. . 22 . . . . . .
aCollision cross-section (A”). ?Van der Waals potential. “Ton-induced dipole interaction. 9Ton-
quadrupole interaction. Ionic charge at center of mass.

of 0.7% from the Q2 p of ions with Mulliken charge distributions (Table 5.3). The Qp
of the carboxylic acid anions and abiotic amino acid cations exhibit 0.64 and 2.7%
deviations, respectively, between the two models. This implies that the influence of
the ion charge distribution on Q2p is minimal. The distance of the center of charge
from the center of mass was calculated to investigate the specific charge distribution
of the molecular ion in the present study. The average distance between the centers
of charge from the centers of mass in the molecular ions is 0.7 A for ammonium
cations, and 0.9 A for abiotic amino acid cations and carboxylic acid anions. It is
inferred that the sizes of the molecular ions investigated in this study are too small
to expect localization of the charge to a specific site.

In the previous section, we discussed that all potential terms, ion-quadrupole,
ion-induced dipole, and van der Waals potential, are important considerations in
determining the collision cross-section of the ions. Especially 75—-95% of collision
cross-section is contributed by van der Waals interactions, which implies that strong
mass-mobility correlations are highly affected by the geometries of the ions. This
can explain the correlation observed in previous studies such as carboxylic acids
and amino acids in terms of their structural similarity [14, 15]. However, it is not
able to explain the strong correlation among the ammonium cations. Localization
of the charge in molecular ions induces specific gas-phase intramolecular cyclic
structures of deprotonated carboxylate anions [15, 42] and protonated abiotic amino
acid cations [14]. However, DFT optimized structures of highly alkylated ammo-
nium cations show no significant influence of the localization of the charge on the
structures (Fig. 5.2).

To evaluate the pure geometrical effect on the 2p, we calculated the molecular
volume and surface area of ions in Np, which are also known as solvent-excluded
volume and area [43], using the Maximal Speed Molecular Surface (MSMS) pro-
gram [44]. The volume and surface area of ion are traced by the inward-facing part
of the probe sphere as it rolls over the ion [43]. The radius of the probe sphere
is set to be the hard-sphere diameter of N, molecule, 3.70 A. A distinct mass-
volume correlation among the ammonium cations with different numbers of oxygen
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Fig. 5.6 Plot of the total shape asymmetry (AS) of the ammonium cations versus ion mass. The
ammonium cations with no oxygen atom are shown as solid squares. The ions containing one
oxygen atom and two oxygen atoms are shown as empty triangles and empty circles, respectively.
The DFT optimized structure of each numerically or alphabetically labeled ion is shown in Fig. 5.2

atoms is found. However, the surface area demonstrates a higher correlation with
ion mass for the overall mass range. For example, the volume increases 7.6 and
5.6% from trimethylethylammonium (88 amu) to choline (104 amu) and betaine
(118 amu) while the surface area increases 6.1 and 6.8%, respectively. Using the
obtained molecular volume and surface area, the molecular ion’s asymmetry of
the total shape is determined (Fig. 5.6). The asymmetry of the total shape (AS)

is expressed as
SN\ 3V S
AS=—)— =— | —5= 5.11
<47‘[> (471) 4.836 <V2/3) ’ .11

where S and V are molecular surface area and volume, respectively. When the
molecular ion is symmetrical (i.e., spherical) AS becomes unity, with AS increasing
from unity as the asymmetry in shape increases. As seen in Fig. 5.6, higher asym-
metry is observed as the number of oxygen atoms and the size of the ion increase.
Although the larger content of oxygen atom makes for smaller molecular volumes,
it increases the asymmetry of the total shape, which increases the surface area of
the ion. It is therefore inferred that our observed strong mass-mobility correlation
is largely due to geometrical factors. This allows us to comprehend the observed
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mass-mobility correlation among two different classes of ammonium cations with
the heteroatom complements in the present study.

5.5 Conclusions

A high correlation between mass and mobility in N is observed from a number
of tertiary and quaternary ammonium cations. The classical ion-neutral collision
calculation implies that the group of molecules studied here are on the borderline
between being dominated by long-range versus short-range interactions, favoring
some orbiting at lower collision energies, which would then determine the cross-
section. Theoretical investigation using a modified trajectory (TJ) method also indi-
cates that all potential terms, ion-quadrupole, ion-induced dipole, and van der Waals
potential, are important considerations in determining the collision cross-section of
the ions. For the smaller molecular ions, the importance of long-range interaction
is emphasized, while short-range interactions dominate the collision cross-sections
of the larger molecular ions. The evaluated volume and surface area suggest that
shape asymmetry of the ammonium cations plays a small but significant role in
determining the observed correlation between mass and mobility. The increase of
the asymmetry in the shape of an ion compensates the reduction of the ion’s volume,
which finally yields similar mobilities of the ammonium cations with similar molec-
ular weight investigated in this study, independent of their heteroatom complement.
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Chapter 6

Structural Characterization of Unsaturated
Phospholipids Using Traveling Wave Ion
Mobility Spectrometry

Reprinted with permission from Kim, H. I.; Kim, H; Pang, E. S.; Ryu, E. K; Beegle,
L. W.; Loo, J. A.; Goddard, W. A.; Kanik 1. Anal. Chem. 2009, 81 (20), 8289-8297.
Copyright 2009 American Chemical Society.

Abstract A number of phosphatidylcholine (PC) cations spanning a mass range
of 400 to 1000 Da are investigated using electrospray ionization mass spectrome-
try coupled with traveling wave ion mobility spectrometry (TWIMS). A high cor-
relation between mass and mobility is demonstrated with saturated phosphatidyl-
choline cations in Nj. A significant deviation from this mass-mobility correlation
line is observed for the unsaturated PC cation. We found that the double bond in
the acyl chain causes a 5 % reduction in drift time. The drift time is reduced at a
rate of ~ 1% for each additional double bond. Theoretical collision cross-sections
of PC cations exhibit good agreement with experimentally evaluated values. Colli-
sion cross-sections are determined using the recently derived relationship between
mobility and drift time in TWIMS stacked ring ion guide (SRIG) and compared to
estimate collision cross-sections using empiric calibration method. Computational
analysis was performed using the modified trajectory (TJ) method with nonspherical
N, molecules as the drift gas. The difference between estimated collision cross-
sections and theoretical collision cross-sections of PC cations is related to the sen-
sitivity of the PC cation collision cross-sections to the details of the ion-neutral
interactions. The origin of the observed correlation and deviation between mass
and mobility of PC cations is discussed in terms of the structural rigidity of these
molecules using molecular dynamics simulations.

6.1 Introduction

Lipids are essential biological components and have critical roles for cell struc-
ture, energy storage, and metabolic control [1]. Characterizing their structures is
an essential part of lipid analysis. In addition, searching for lipid molecules is
a valuable strategy for finding traces of extinct or extant life elsewhere in outer
space. Lipids and biomembranes can be preserved for a long period; thus, detailed
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characterization of these biomarker compositions allows for the assessment of major
contributing species [2]. Lipids offer records of modern and ancient life, environ-
mental conditions, and changes in history. However, the variety and in situ alteration
of lipids also increases complexity, making them difficult to characterize fully [3].

The separation and characterization of phospholipids using tandem ion mobil-
ity mass spectrometry (IM-MS) has been investigated by several research groups
[4, 5, 6, 7]. Utilizing matrix-assisted laser desorption ionization (MALDI) with
IM-MS, phospholipid ions have been separated from other biomolecule ions [4, 8].
Separation can be achieved based on the correlation between mass and ion mobility.
Phospholipids in tissue samples have been directly analyzed using MALDI-IM-MS
[4, 5]. These studies have reported that phospholipid ions have slower mobility than
peptide, carbohydrate, and nucleotide ions with similar masses [4, 7, 8, 9]. In gen-
eral, peptides, nucleotides, and carbohydrates form globular conformations in the
gas phase due to intramolecular Coulombic interactions [10, 11, 12]. However, such
interactions are difficult to achieve for phospholipid molecules because their major
components are aliphatic acyl chains. Recently, Jackson et al. reported the effects of
various head and tail groups of phospholipids on mass-mobility correlations using
MALDI-IM-MS [6]. They report a slight increase in the mobility of phospholipids
as the degree of unsaturation on the acyl chain increases.

The correlation between the mass and mobility of molecular ions has been used
to separate and characterize ions related to the mobility of gas phase ion molecules.
In the early 1970s, Griffin et al. [13] showed that mass and mobility are strongly
correlated for structurally related compounds. In the late 1980s, Karpas and Berant
demonstrated distinct mass-mobility correlations of acetyls, aromatic amines, and
aliphatic amines drifting in various drift gases including He, Nj, CO», and air
[14, 15]. Clemmer and co-workers have demonstrated distinct mass-mobility cor-
relations for peptides with molecular weights of 500 to 2500 Da [16]. Recently,
Thalassinos et al. characterized phosphorylated peptides as having higher mobilities
than their non-phosphorylated counterparts [17].

Our laboratory has investigated the distinct mass-mobility correlations of amino
acids and carboxylic acids drifting in No and CO, [18, 19]. Recently, we experi-
mentally observed a high correlation between mass and mobility of tertiary and qua-
ternary ammonium cations in Ny [20]. This observed correlation was investigated
using classical ion-neutral collision dynamic theories and computational calculation
using a modified trajectory (TJ) method. From these theoretical investigations, the
ammonium cations in the mass range from 60 Da to 150 Da are on the borderline
between being dominated by long range versus short range interactions with Nj. In
addition, all potential terms, ion-quadrupole, ion-induced dipole, and van der Waals
potential are important considerations for determining the collision cross-sections
of the ions in Nj.

In this paper, we measure drift times for a number of phosphatidylcholines (PC)
spanning a mass range of 400 to 1000 Da in N5 using a commercial traveling wave
ion mobility spectrometry (TWIMS) coupled with orthogonal acceleration time-of-
flight (0a-TOF) mass spectrometry (Waters Synapt HDMS). Of particular interest
is the possible dependence of mass-mobility correlations on the symmetry, length,
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and degree of saturation of the acyl chains. Despite a wide range of TWIMS applica-
tions in various chemistry fields [17, 21, 22, 23, 24, 25], studies have only begun to
understand the principal physics behind the TWIMS drift time and ion mobility. A
number of studies have employed the empiric calibration method to estimate mobil-
ities and collision cross-sections of analyte ions from the drift times in TWIMS
[17, 21, 22, 25, 26]. Recently, Shvartsburg and Smith quantitatively revealed the
relationship between drift time and ion mobility in TWIMS [27].

Jarrold and co-workers have proposed a TJ method based on a soft-core ion-
neutral interaction potential to interpret collision cross-sections of ion molecules
[28]. A modified TJ method for the ion-neutral interaction to account for the poten-
tial associated with the non-spherical drift gas N, has been applied to predict col-
lision cross-sections of PC cations and to test the sensitivity of these cross-sections
in order to detail the structural rigidity of these molecules [20]. Results from the
estimated collision-cross sections using empiric calibration are compared with the
evaluated relationship between TWIMS drift time and mobility by Shvartsburg and
Smith [27]. The origin of the observed correlation and deviation between PC mass
and mobility is discussed.

6.2 Experimental Section

6.2.1 Chemicals and Reagents

All phosphatidylcholines studied in this work were purchased from Avanti Polar
Lipids (Alabaster, AL) and were used without further purification. All sol-
vents (water, methanol, and formic acid) were HPLC grade and were purchased
from EMD Chemicals Inc. (Gibbstown, NJ). Calibrant peptides (GGGGGG and
AAAAAA), cytochrome C, and trypsin from porcine pancreas were purchased from
Sigma-Aldrich (St. Louis, MO). Samples were prepared by dissolving known quan-
tities of molecules in a solvent consisting of 1:1 water and methanol with 0.1 %
formic acid by volume to yield sample concentrations in the range of 50 uM.
Trypsin digest of cytochrome C was prepared by incubating 200 M of cytochrome
C with 6 ug of trypsin from porcine pancreas in 1 mL of water containing 25 mM
ammonium bicarbonate (NH4HCO3) at 37°C for 4 hours. The trypsin was then
removed using a Millipore Microcon centrifugal filter fitted with an Ultracel YM-10
membrane. The sample solution was diluted to an appropriate concentration for ESI
with 1:1 water/methanol and 0.1 % formic acid by volume. Phospholipid and pep-
tide ions examined in this study are listed in Table 6.1 along with their respective
molecular weights.

Phosphatidylcholines examined in this study are named by their acyl
chain length and number of double bonds. For example, 1-steroyl-2-oleoyl-sn-
phosphatidylcholine (SOPC), which comprises two 18 carbon acyl chains and one
double bond, is referred to as 18:0-18:1 PC.
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Table 6.1 Mass, drift time, and corrected drift time of ion molecule used in this study

Name cationization “mass tq (ms) dt; (ms)
“5:0-5:0 PC Ht 426 3.58 3.39
Nat 448 3.97 3.77
“ 8:0-8:0 PC Ht 510 4.99 4.78
Nat 532 5.50 5.29
@ 11:0-11:0 PC Ht 595 6.40 6.18
Nat 617 6.85 6.62
4 14:0-16:0 PC Ht 707 8.06 7.82
Nat 729 8.32 8.07
4 16:0-16:0 PC Ht 735 8.64 8.39
Nat 757 8.77 8.51
“ 18:0-14:0 PC Ht 735 8.58 8.33
Nat 757 8.77 8.51
@b 16:0-18:2 PC Ht 759 8.51 8.26
“ 18:0-16:0 PC Ht 763 8.96 8.71
Nat 785 9.15 8.89
4 16:0-20:4 PC Ht 783 8.58 8.32
@b 18:0-18:2 PC Ht 787 8.90 8.64
@ 18:0-18:1 PC Ht 789 8.96 8.70
@ 18:0-18:0 PC gt 791 9.41 9.15
4 16:0-22:6 PC Ht 807 8.83 8.57
@ 24:0-24:0 PC Ht 959 12.2 11.9
b KK (cytC) Ht 275 1.86 1.70
b HK (cytC) Ht 284 1.86 1.70
b GKK (cytC) Ht 332 2.37 2.20
b GGGGGG gt 362 2.18 2.00
b ATNE (cytC) Ht 434 3.20 3.01
b AAAAAA Ht 446 3.14 2.94
b KATNE (cytC) Ht 563 4.29 4.07
b Ac-GDVEK (cytC) HT 590 4.80 4.58
b GITWK (cytC) Ht 605 5.12 4.89
b IFVQK (cytC) Ht 635 5.70 5.46
b YIPGTK (cytC) Ht 679 6.02 5.78
b MIFAGIK (cytC) Ht 780 7.36 7.10
b Bradykinin Ht 1061 10.2 9.94
b TGPNLHGLFGR (cytC) Ht 1169 11.8 11.5

@Molecules examined in this study. ?Molecules used as calibrant. All ions are singly charged.
4Mass dependent corrected drift time.

6.2.2 Electrospray Ionization Traveling Wave Ion Mobility Mass

Spectrometer

Experiments were performed on a Synapt HDMS traveling wave ion mobility
orthogonal acceleration time-of-flight (TW-IM-oa-TOF, Waters, Manchester, U.K.)
in positive ion mode. The details of the instrument have been described elsewhere
[29, 30]. Source temperature of 100°C, capillary voltage of 3kV, desolvation tem-
perature of 250°C, and cone voltage of 30 V were set as parameters for ESI. Other
parameters of the instrument were optimized to achieve the best separation of
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phospholipids without the roll-over effect [29]. Nitrogen drift gas was introduced
to the TWIMS stacked ring ion guide (SRIG) at a 25 mL/min flow rate, which cor-
responds to 0.39 Torr. The traveling wave (T-wave) height and velocity were opti-
mized as 8 V and 300 m/s, respectively. For each sample, 150 spectra were obtained
and averaged for analysis. The drift times of the singly charged phospholipid cations
and peptides were determined from the location of the ion mobility peak maxima
extracted manually using MassLynx (v 4.1) software (Waters corp. Milford, MA).
Resolution of the instrument was found to be ~ 0.8 ms in full width at half maximum
(FWHM) with drift times for the ions studied and the parameters employed in this
study.

6.2.3 Collision Cross-Section Calibration

Previously published collision cross-sections of singly charged peptide hexaglycine,
hexaalanine, and tryptic digest of cytochrome C in helium drift gas were used
to create a calibration curve [16]. Recently published PC collision cross-sections
determined in helium drift gas were also used for the calibration [9]. The calibration
procedure was adopted from Thalassinos et al. [17]. The effective drift time (¢
of the calibrant was corrected for mass independent and mass dependent time. The
published collision cross-section of the calibrant was scaled by reduced mass in
N». The effected drift time was plotted against the corrected published collision
cross-section (/). The plot was used to fit a linear and power trend. The equation
from the fitting result was used to estimate collision cross-sections of phospholipids
with reduced mass.

6.2.4 Computational Modeling

Collision cross-sections of ions were calculated using the modified TJ method [20],
which consists of two potential terms representing van der Waals and ion-induced
dipole interactions characterized by Lennard-Jones parameters and neutral polariz-
ability, respectively [28]. The modified TJ method describes the interaction between
ions and an N, drift gas that expands applicability beyond cases of ions drifting in
He (details of this modification can be found elsewhere) [20]. In brief, we set the
polarizability of neutral gas for N5 (1.710 x 1072* cm?). Due to the linear geometry
of N;, two more consequences were taken into account: ion-quadrupole interaction
and molecule orientation. The ion-quadrupole interaction is expressed in simple
summations of partial charges of negative g (0.4825¢) to each nitrogen atom and
one positive 2¢q at the center of the nitrogen molecule. The orientations of N; are
sampled along the x-, y-, and z-axis; the averaged interaction potential is evaluated
using Boltzmann weighting.

In order to consider the effect of structural fluctuation on the collision cross-
section at room temperature, we performed NVT molecular dynamics (MD)
simulations using a Nosé-Hoover thermostat at 300 K. The inter-atom interactions
are described with the all-atom CHARMM PARAM?27 force field [31] using
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the LAMMPS (large-scale atomic/molecular massively parallel simulator) code
[32]. We adopted the “sp» C-sp3 C-sp» C” angle parameter and the “spj
C-spy C-sp3 C-spy C” dihedral parameters from reference [33], which were opti-
mized using 1, 4-pentadiene. The partial charge distribution of protonated phosphate
(O3P-O-H) was optimized using Mulliken charge distributions from density func-
tional theory (DFT) calculations (Table 6.2), since the common CHARMM force
field only has a partial charge distribution of negatively charged phophate (O3P-
O7). The systems are pre-equilibrated for 100 ps, and the conformations are sam-
pled every one ps from the 200 ps simulations. We note that such a procedure allows
for canonical sampling of the conformations at 300 K. We analyzed the collision
cross-sections and potential energies of all sampled conformations of PC.

Table 6.2 Optimized partial charge distribution of protonated phosphate from the DFT calculation
of protonated dimethyl phosphate (the partial charges with atom types for CHARMM force field
are tabulated.)

Oc (|)a
H—CIZ—H
H
“Mulliken Charge Force Field Charge Force Field Type
Pa 1.16 1.50 PL
Oa —-0.51 —0.49 OSL
Ob —0.54 —-0.52 OHL
Oc —0.57 —0.56 O2L
Ha 0.35 0.36 HOL

“Computed from density functional theory (DFT) calculation using Jaguar 6.0 of Schrodinger
company with B3LYP functional and 6-31G** basis set.

6.3 Results

6.3.1 Saturated Phosphatidylcholine Cations

The drift times, ¢4, of the PC cations were determined as described above. The drift
times were then corrected with the mass dependent flight time, defined as the time
that an ion spent in the TOF [17, 26]. Measured and corrected drift times for the PC
cations chosen for this study are found in Table 6.1. The corrected drift time from
TWIMS was plotted against the mass to charge (m/z) of the ion, and the plot was
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used to fit a linear trend. The plot of drift time versus mass for singly protonated
PC cations is shown in Fig. 6.1 along with the linear fit to the data. As seen in
Fig. 6.1a, all saturated PC cations investigated in this study (400 — 1000 Da) exhibit
a good correlation (R? > 0.999) between mass and drift time (i.e., ion mobility). In
particular, symmetry of the two acyl chains in the phospholipid does not affect the
common mass-mobility correlation of a saturated PC cation.

6.3.2 Unsaturated Phosphatidylcholine Cations

The usual acyl chain length of membrane phospholipids vary from 18 to 20 carbon
atoms [34]. Most unsaturated phospholipids contain one acyl chain with one or more
cis-double bonds and a saturated one as a second acyl chain [34]. We have selected
unsaturated PC cations with these characteristics to investigate the dependence of
mass-mobility correlations on the presence of double bonds in the acyl chains of
membrane phospholipids (Table 6.1).

Figure 6.1b shows a plot of corrected drift time versus mass for PC cations
from 700 Da to 810 Da along with the linear fit to the data. A good correlation
(R? = 0.984) is still observed for the saturated PC cations within the mass range.
However, a poor correlation between mass and mobility from unsaturated and satu-
rated PC cations is also observed (R? = 0.487). Unsaturated PC cations show higher
mobilities (i.e., faster drift time) compared to saturated PC cations. Corrected drift
times of 16:0-18:2 PC (MW 759) and 16:0-20:4 PC (MW 783) are measured as
8.26 ms and 8.32 ms, respectively. They traveled in the SRIG faster than smaller
saturated PC cations such as 16:0-16:0 and 18:0-14:0 (MW 735), which have 8.39
ms and 8.33 ms drift times, respectively. The corrected drift time of 16:0-22:6 PC
(MW 807) is measured as 8.57 ms. Compared to the 8.71 ms and 9.15 ms, which are
corrected drift times of two smaller saturated PC cations, 18:0-16:0 PC (MW 763)
and 18:0-18:0 PC (MW 791), respectively, 16:0-22:6 PC travels across the SRIG
faster.

The presence of a cis-double bond causes the acyl chain to bend. In addition,
a double bond causes a relatively rigid acyl chain structure compared to that of
the saturated acyl chain. It is inferred that these two factors cause smaller collision
cross-sections and thus faster mobility than unsaturated PC cations.

6.3.3 Sodiated Phosphatidylcholine Cations

Figure 6.1c shows the plot of drift time versus mass for protonated and sodiated
PC cations. The sodiated PC cations investigated in this study exhibit a good mass-
mobility correlation (R”=0.996) with protonated PC ions. A recent investigation
by Kim et al. reported that short range interactions are most important for the col-
lision cross-sections of molecular ions larger than 150 Da [20]. The PC cations
(400 — 1000 Da) investigated in this study are larger than ions that Kim et al
[20] investigated (60 — 250 Da). Thus, the importance of short range interactions
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Fig. 6.1 (a) Plot of drift time of saturated phosphatidylcholine (PC) cations in traveling wave ion
mobility spectrometer versus ion mass. Experimentally determined data for symmetric PC and
asymmetric PC cations are shown as solid squares and empty circles, respectively. The black dash
and red solid lines are the linear fit to the symmetric PC cation data set and to both symmetric
and asymmetric PC cation data set, respectively. (b) Plot of drift time of PC cations spanning mass
range 700 — 800 Da in traveling wave ion mobility spectrometer versus ion mass. Experimentally
determined data for saturated PC and unsaturated PC cations are shown as solid squares and empty
circles, respectively. The black dash and red solid lines are the linear fit to the saturated PC cation
data set and to both saturated and unsaturated PC cation data set, respectively. (¢) Plot of drift
time of protonated and sodiated PC cations in traveling wave ion mobility spectrometer versus
ion mass. Experimentally determined data for protonated PC and sodiated PC cations are shown
as solid squares and empty circles, respectively. The black dash and red solid lines are the linear
fit to the protonated PC cation data set and to both protonated and sodiated PC cation data set,
respectively
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is emphasized for collision cross-sections of PC cations. In numerous cases, metal
cations have been shown to cause specific peptide structures in the gas phase through
Columbic interactions with backbone amide, carboxyl, amine, and functional groups
[35, 36]. In contrast, PC is composed of two esterified acyl chains and one phospho-
rylcholine attached to glycerol [1]. In the sodiated PC cations, sodium cation inter-
acts solely with the phosphate group without inducing a noticeable conformation
change of PC. Thus, a good correlation between mass and mobility is observed
from PC cations regardless of whether they are protonated or sodiated.

6.3.4 Estimated Collision Cross-Sections of Ions Using T-Wave
Calibration

A number of studies have employed empiric calibration methods to estimate col-
lision cross-sections of ions using a set of calibrant ions [17, 21, 22, 25, 26]. To
understand the structural characteristics related to collision cross-sections of PC
cations, the calibration method was applied to estimate collision cross-sections.
Figure 6.2a shows the calibration plots of Q/, versus t/ for 14 singly charged pep-
tides and 6 PC cations (Table 6.1).

Due to the different natures of peptide and PC ions in the gas phase, we fit only
the peptide calibrants first. Then we compared the fit of peptide calibrants to the fit
result from the combined peptide and PC calibrants. Both linear fit and power fit to
the calibrants were performed, and both fittings exhibit a high correlation coefficient
(R*=0.98 and 0.99, respectively). Thalassinos et al. reported that linear fit is appro-
priate for calibration with small peptides. However, a slightly higher correlation was
observed for power fitting in the present study. Nearly identical calibration curves
were obtained from both fits for peptide and combined peptide and PC calibrants.
The nature of ions in the gas phase influenced the different mass-mobility corre-
lations. However, the empiric calibration considered only the relationship between
Q) and ¢//. Thus, utilizing appropriate €2p for calibration is more important than
the chemical category of the calibrant. Figure 6.2b summarizes the estimated colli-
sion cross-sections of protonated PC cations. The estimated collision cross-section
values of PC cations are found in Table 6.3.

6.3.5 Determination of Collision Cross-Sections of Ions

Shavartsburg and Smith derived equations to describe the quantitative relationship
between drift time and ion mobility in TWIMS [27]. Under the condition that
K Emax < s, where K is ion mobility, Emyax 1s maximum electric field (E), and s
is wave velocity, the mobility of an ion is related to the average ion velocity in
TWIMS as [27]

K2 b
— E? (x)ds, 6.1
bs 0

v
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Fig. 6.2 (a) Plot of corrected empiric cross-sections versus effective drift times for 14 peptides and
4 phosphatidylcholines (PC). For each peptide and PC the singly charged cation is used. Linear
trend and power trend lines are shown as solid and dash lines, respectively. (b) A plot of the
estimated cross-sections versus the ion mass for PC cations investigated in this study. The estimated
collision cross-sections from linear trend and power trend are shown as solid squares and empty
circles, respectively

where E (x) is a half-sinusoidal traveling wave function and b is the waveform
baseline width. Note that the equation ignores the focusing field and restricts the
dynamics to axial coordinates of the SRIG. The rearrangement of Equation 6.1 with
drift length L and the corrected drift time 7, yields

Lbs

e 6.2
t) [V E2 (x) dx 2

Once K is determined, the reduced mobility K can be determined according to
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Table 6.3 Collision cross-sections of phosphatidylcholine cations in Ny drift gas estimated and
evaluated using empiric calibration method and equations from Shavartsburg and Smith [27],
respectively. Theoretically determined collision cross-sections in N, and He are also listed

Qp (A%
PC mass Estimated Estimated Evaluated “Theoretical “Theoretical
(linear fit) (power fit) (in Np) (in He)

5:0-5:0 426 143.4 136.1 244.8 255.3 162.5

8:0-8:0 510 171.0 159.5 289.2 301.3 197.3
11:0-11:0 594 193.1 183.0 327.3 335.0 223.8
14:0-16:0 706 214.9 210.7 367.0 361.1 248.2
16:0-16:0 734 221.9 220.4 379.9 400.7 2717.1
18:0-14:0 734 221.1 219.3 378.4 363.7 254.4
16:0-18:2 758 220.1 218.0 376.7 388.2 265.8
18:0-16:0 762 225.5 225.7 386.7 364.1 254.2
16:0-20:4 782 220.7 218.9 377.8 357.0 250.6
18:0-18:2 786 224.5 2244 385.0 387.1 270.3
18:0-18:1 788 225.3 225.5 386.4 396.2 274.4
18:0-18:0 790 230.5 233.2 396.2 395.3 275.3
16:0-22:6 806 223.6 223.2 383.3 366.8 258.0
24:0-24:0 958 258.7 280.4 451.2 4234 305.1
¢ Averaged over 200 conformations.

K (273 K) < P ) . 63)
0 T 760 Torr ) '

where P and T are the experimental pressure and temperature, respectively. Finally,
the collision cross-section of an ion is evaluated by the relation [37, 38]

3 2 172
Qp= 4 () _—_ (6.4)
16Ng \ un,kpT Ko

where Ny is the number density at standard state (273 K and 760 Torr), ¢ is the
charge on the ion, w is the reduced mass of ion and Ny, kp is the Boltzmann
constant, 7' is the temperature in the drift region, and Qp is the collision cross-
section. The evaluated collision cross-sections of the examined PC cations are listed
in Table 6.3. Note that a significant difference is found between the estimated 2p
and the evaluated Q2p. The evaluated Q2p values are on average ~ 42% larger than
the estimated 2 p values from both power and linear fit. It is of note that the collision
cross-sections of calibrants are determined in He [9, 16] while the drift gas used in
TWIMS is N». A strong contribution of short range interaction between ion and neu-
tral is expected for Qp of an ion at the mass range of PC [20]. Yet, a considerable
contribution is still considered from long range interactions of ion-neutral, linear
shape, and larger mass in N for the determination of Qp of an ion. It is inferred
that the observed difference of 2p values are caused by lack of these terms in the
calibration procedure.
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Fig. 6.3 (a) Time profile of the distance between the carbon atoms at the end of each acyl chain
of 18:0-18:0 phophatidylcholine during 200 ps of the molecular dynamics simulation. The fluctu-
ation is ranging from ~ 5 A to ~25 A with the time period of 5-20 ps. Approximately 17 times
of fluctuation is observed from this trajectory. (b) Plot of experimentally determined collision
cross-sections (2p) of phosphatidylcholine (PC) cations in N» against theoretically determined
Qp using the modified TJ method for N drift gas. The theoretical Qp is obtained by averaging
Qp for 200 structures from MD simulations. The solid line is y = x. (¢) Plot of theoretical Qp in
He over theoretical Qp in Nj versus mass of PC cations

6.3.6 Calculated Collision Cross-Sections of Ions Using

the Trajectory Method

The Qp of the PC cations investigated in this study were calculated using the TJ
method in N5 [20] and He (Table 6.3) [28]. The MD simulation trajectories of the PC
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cation for 200 ps reveal that the two acyl chains undergo large structural fluctuation
due to the thermal energy at 300 K. Figure 6.3a shows the time profile of the C-C
distance between the carbon atoms at the end of each chain of the 18:0-18:0 PC
during 200 ps of dynamics. The distance between two carbon atoms fluctuates in
the range of 5 to 25 A within a 5 to 20 ps time period. In order to account for the
sufficient amount of conformational change required for 2p calculation, we need
to sample the conformations at every 1 ps. Then, the average 2p can be determined
using the TJ method in Ny and He for the 200 structures on the MD simulation
trajectories [20, 28].

Figure 6.3b shows the plot of €2 p for PC cations evaluated using the Shavartsburg
and Smith [27] equations versus the theoretical Q2p in N» calculated using the mod-
ified TJ method. The theoretical Qp values of PC cations exhibit good agreement
with the experimentally evaluated values. The agreement is within 6.2 % in the
worst-case deviation with 3.2 % deviation on average. This shows that the exper-
imental collision cross-sections of analyte ions can be determined using Synapt
HDMS and the relationship between SRIG drift time and mobility derived by
Shavartsburg and Smith [27]. In contrast, poor agreement was observed from the
estimated 2p of PC cations from the linear fit and power fit calibration curves with
deviations of 71.2 % and 73 % on average, respectively.

6.4 Discussion

6.4.1 Effect of Drift Gas on Ion Mobility

The difference between the estimated 2 p of the PC cation using empiric calibration
and the evaluated 2p using Equations 6.2 to 6.4 can be explained by the different
polarizabilities, sizes, and shapes of He and N, molecules. In drift tube ion mobility
spectrometry (DTIMS), the drift time, which corresponds to the effective drift time
in TWIMS, ¢, is inversely proportional to the ion mobility, K

K =LVt (6.5)

where V is voltage across the drift tube. The relationship between K and Q2p is
described as [39]

3 2 172
K =4 i — (6.6)
16N ,ukBT QD

The corrected collision cross-section, SZ/D, for the empiric calibration is defined as
[17, 26]

Q 1/2
Q) = -PHh 6.7)
q
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From Equations 6.5 through 6.7, we obtain the proportional relationship between 7/
and Q. As discussed earlier, the default drift gas of TWIMS of Synapt HDMS is N
[17, 30, 40]. Calibration methods commonly employ the empirical 2p determined
in He [16]. Thus, the corrected collision cross-section, Q’D’ Ny» using the reduced
mass in Np, iy, , is related to the €2 p in He as

1/2 1/2
o QD,NZ,MN/z QI),HeMN/2
D,N, = 7 = p . (6.8)

This relationship works if Qp g ~ Qp n,. Hill and co-workers have demonstrated
the high dependence of Q2p of ions on drift gas [41, 42]. Beegle et al. demonstrated
the different polarizability effects of the drift gas molecule on the 2p of the ion
molecule using a series of homologous Gly peptides [41]. As the size of the Gly
peptide increases, the difference between Q2p in N> and in He decreases. The short
range interaction for 2p becomes more important as the ion size increases [20].
Thus, the pre-assumption for the empiric calibration is valid when the size of the
ion is very large; geometric factors of neutral and long range ion-neutral interactions
are completely negligible for the determination of 2p [26]. Theoretically calculated
Qp in N, and He further support this argument. Figure 6.3c shows the plot of the
theoretical Q2p in He divided by Q2p in N, versus the mass of PC cations. As the
size of the cation increases from 426 Da to 959 Da, the agreement between the two
theoretical 2p values increases from 64 % to 72 %. As a result, for the mass range
of the PC cations (400 — 1000 Da), estimating 2p using the empiric calibration
method is not valid.

6.4.2 Geometrical Effect on the Collision Cross-Sections
of Phosphatidyl- choline Cations

Figure 6.4a shows the plot of theoretical characteristic 2p of PC cations versus ion
mass compared with the corresponding surface area of PC cations in Ny at 300 K
using the Maximal Speed Molecular Surface (MSMS) program [43, 44]. Note that
high similarity is observed from the characteristics of relative 2p from theoretical
calculation and the relative surface areas of PC cations. This implies that the Q2p
for each PC cation is largely influenced by the short range van der Waals interaction
between the ion and the neutral N, molecule. The molecular weight and specific
geometry of the ions dominate the short range van der Waals interaction, which
affects the collision cross-section of the ion [20].

The mobility of ion K becomes field-dependent at a high electric field [45]. The
field dependence of K depends on the nature properties of ion-neutral interactions.
In general, high field behavior of an ion is observed when the ion acquires enough
energy from E to change the nature of the ion-neutral collisions [45]. The total
average energy of the ions can be determined from the Wannier energy formula as
follows:
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Fig. 6.4 (a) Plots of theoretically determined collision cross-sections (£2p) and surface areas of
phosphatidylcholine (PC) cations in N, versus ion mass. The calculated average Q2 p of the 200 ion
conformations are shown as solid squares (left y-axis). The calculated surface areas of PC cations
in Ny at 300K are shown as empty circles (right y-axis). (b) Plots of experimentally evaluated
2 p and surface areas of phosphatidylcholine (PC) cations in N, versus ion mass. The p of PC
cations are shown as solid squares (left y-axis). The calculated surface areas of PC cations in N>
at 300 and 400 K are shown as empty circles and empty triangle, respectively (right y-axis)

3 3 1 5
EkBTef‘f = EkBT + EMvd, (6.9)

where T, is an effective temperature of ion, M is the mass of a drift gas molecule,
and vy is the drift velocity of an ion [46]. The thermal kinetic energy is 3/2kp T,
and the field energy is 1/2M vﬁ. The low field behavior of an ion is achieved when

3 1
“kpT > ~Mv?.

> > (6.10)
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Ion mobility spectrometers typically operate at low electric fields. The typical E/N
range for the low field is a few Townsend (Td = 1017 vem?) [18, 45]. Although
the applied voltage in the TWIMS is as low as 8 V in this study, due to the low
pressure of the SRIG (0.39 Torr in this study), the average E /N is ~ 80 Td. This is
an order of magnitude larger than common IMS operating field. In addition, E/N
increases to as much as ~ 230 Td at Eyy,x of traveling wave.

The primary effect of a high electric field is to heat the ions [45], which increases
their internal energy through ion-neutral collisions. This collisional activation can
result in conformation changes of the ions. Figure 6.4b shows the plots of the Qp
of PC cations evaluated using the Shavartsburg and Smith [27] equations versus ion
mass compared with the corresponding surface area of PC cations in N, at 300K
and 400 K. Greater similarity is observed from the characteristic relative Qp and the
relative surface areas of PC cations at 400 K compared to the relative surface areas
at 300 K. Although the experiment was performed at ~ 300 K, field heating induced
a shift in ion conformation distribution to slightly higher energy state. This results
in a greater similarity of the characteristic between relative 2p at 300 K and relative
surface area at higher temperature, 400 K.

6.4.3 Mass-Mobility Correlations of Phophatidylcholine Cations

Saturated PC cations investigated in this study exhibit a good correlation between
mass and mobility (Fig. 6.1a). However, deviations from the correlation are
observed in unsaturated PC cations (Fig. 6.1b). In the previous study, we discussed
the importance of van der Waals potential for determining the collision cross-section
of an ion as the ion size increases [20]. This implies that strong mass-mobility
correlation is highly affected by the geometry of the ion. In order to understand
the mass-mobility correlation of saturated PC cations and deviations of unsaturated
PC cations from the correlation plot, we investigate structures of PC cations with
corresponding Qp.

The minimum energy (Ey) structures of some of the saturated PC cations exam-
ined in this study are shown in Fig. 6.5a. The structures with the closest Q2p to the
experimental values are also shown along with their corresponding relative energy
values (E*). The plot of p for the PC cations experimentally evaluated using the
Shavartsburg and Smith [27] equations versus the theoretical 2p values of Eq and
E* is shown in Fig. 6.5b. Slightly larger 2p values are observed from PC cations
with longer acyl chains (> 18 carbon) compared to the Q2p values calculated from
minimum energy structures. In contrast, smaller 2p values are observed from PC
cations with short acyl chains (< 16 carbon). Note that PC cations with an acyl
chain longer than 16 carbons form globular structures that are energetically favored.
It is inferred that intramolecular van der Walls interactions of acyl chains drives
the globular conformation to be preferred for large PC cations. However, extended
structures are energetically favored for those with a shorter acyl chain (fewer than 16
carbons), whose steric effects prevent them from forming globular conformations in
the gas phase. In contrast to peptide or protein ions, PC cations do not have strong
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Fig. 6.5 (a) MD simulated structures of saturated phosphatidylcholine cations at minimum energy
state (Eq) are shown. The structures of the closest Qp to the experimental values are also shown
along with corresponding relative energy values (E*). (b) Plot of experimentally determined col-
lision cross-sections (£2p) of phosphatidylcholine (PC) cations in N; against theoretically deter-
mined Qp at Eg and E* using the modified TJ method for N, drift gas. The solid line is y = x

intramolecular interactions to stabilize certain conformations. The energy differ-
ence between the E structure and the E* structure is only 19 kcal/mol on average.
Thus, the conformations of these ions may fluctuate while traveling in the SRIG.
As discussed earlier, the internal energy of an ion increases with collisional acti-
vations from the traveling wave electric field, which results in continual excitation
of the ion [27]. The shift in ion conformations occurs toward slightly excited (E*)
state. Especially for larger molecules (18 or more carbon acyl chains), a significant
increase in €2 p occurs, since the increase in internal energy of these large molecules
increases the importance of the entropy. As a result, the structural similarity of the
saturated PC cations is maintained with moderately extended structures regardless
of the length and symmetry of the PC acyl chains (Fig. 6.5a); this promotes a good
correlation between mass and mobility.
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6.4.4 Characterizing Unsaturated Phosphatidylcholines
Jrom Mass-Mobility Correlation

Unsaturated PC cations exhibit significantly deviated mobility values from the
mass-mobility correlation plot of saturated PC cations (Fig. 6.1b). The drift time
is reduced by ~ 5% for the unsaturated PC cation with one double bond; the drift
time reduces further at a rate of ~ 1% for the additional double bond. Jackson et al.
recently reported a ~ 0.5% reduction in drift time for each additional double bond of
phospholipids in DTIMS. In the present study, the larger difference in the mobility
of unsaturated PC cations compared to saturated PC cations results from the differ-
ent rate of conformation changes in TWIMS. Figure 6.6 shows structures of selected
unsaturated PC cations at E( along with the conformations at E*. For unsaturated
PC cations, a smaller shift in 2p is observed from the Qp of the most stable con-
formation compared to saturated PCs of similar mass. For those PC cations with
more than 16 carbon acyl chains, saturated PC cations exhibit a ~ 10% difference in
Qp on average, while unsaturated PC cations show only ~ 5% difference on aver-
age (Table 6.4). As observed in Fig. 6.6, the major change in conformation occurs
at the saturated acyl chain, while the conformation of the unsaturated acyl chain
(yellow) maintains a bent structure. The presence of cis-double bonds in an acyl
chain prevents the unsaturated acyl chain from extending by activation. As a result,
less fluctuation in the ion structure occurred among unsaturated PC cations in the
TWIMS. Unsaturated PC cations show smaller €2, values than saturated PC cations,
which can form more extended conformations. This is logical given that globular
structures of unsaturated PC cations are more compact and therefore have smaller
collision cross-sections. This allows us to characterize unsaturated PC cations based
on their mobility, and thus collision cross-sections, using TWIMS.

Table 6.4 Theoretically determined collision cross-sections (2p) of phosphatidylcholine cations
at minimum energy state (Ey). The differences of 2p (A2p) and potential energy (A E) from the
PC structure at Ey to experimentally determined 2p

PC Q. (A) AQD (%) AE (keal/mol)
5:0-5:0 267.08 9.1 15.2
8:0-8:0 295.44 2.1 10.6

11:0-11:0 311.24 4.9 347
14:0-16:0 369.21 0.6 10.3
16:0-16:0 390.55 2.8 15.9
18:0-14:0 343.25 9.3 11.4
16:0-18:2 382.85 1.6 10.4
18:0-16:0 343.38 ~11.2 28.7
16:0-20:4 333.7 117 26.8
18:0-18:2 362.37 ~59 10.6
18:0-18:1 380.32 ~1.6 221
18:0-18:0 368.93 ~6.9 31.5
16:0-22:6 358.53 ~6.5 30.2

24:0-24:0 388.94 —13.8 30.4




6.5 Conclusions 103

16:0-18:2 PC

E, = 0 kcal/mol *=10.4 kcal/mol
Qo =382.9 A Qo =376.7 A
16:0-22:6 PC
s 5
&
E, = 0 kcal/mol E* = 30.2 kcal/mol
Qo = 358.5 A? Qo =383.1 A

E, = 0 kcal/mol E*=2.21 kcal/mol
Qo =380.3 A? Qo=1386.2 A

Fig. 6.6 MD simulated structures of unsaturated phosphatidylcholine cations at minimum energy
state (Eq) are shown. The structures of the closest Qp to the experimental values are also shown
along with corresponding relative energy values (E*). Unsaturated acyl chain is colored in yellow

6.5 Conclusions

A high correlation between mass and mobility in Nj is observed from a number of
saturated PC cations in TWIMS. A significant deviation from this mass-mobility
correlation is observed with unsaturated PC cations. Theoretical investigation using
a modified TJ method indicates that the empiric calibration method is not suitable to
estimate collision cross-sections for PC cations. Instead, we evaluate collision cross-
sections using a quantitative relationship between drift time and mobility derived by
Shavartsburg and Smith [27]. In addition to the lack of intramolecular interactions
among PC cations, collisional excitation of the ions in the SRIG induces a shift in
ion conformational distribution. The unsaturated acyl chain remains bent, while the
saturated acyl chain extends under the electric field, which causes larger collision
cross-sections for saturated PCs and smaller ones for unsaturated PCs. The initial
double bond in the acyl chain yields an approximately 5 % reduction in drift time,
with further drift time reduction at the rate of ~ 1% for each additional double bond.
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As aresult, greater separation and characterization of unsaturated PC cations can be
achieved using TWIMS.
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Chapter 7
Interfacial Reactions of Ozone with Lipids
and Proteins in a Model Lung Surfactant System

In part with permission from Kim, H. I.; Kim, H; Shin, Y. S.; Beegle, L. W.;
Jang, S. S.; Neidholdt, E. L.; Goddard, W. A.; Heath, J. R.; Kanik, I.; Beauchamp,
J. L. J. Am. Chem. Soc. 2010, 132 (7), 2254-2263. Copyright 2010 American
Chemical Society.

In part with permission from Kim, H. I.; Kim, H; Shin, Y. S.; Beegle, L. W.;
Goddard, W. A.; Heath, J. R.; Kanik, I.; Beauchamp, J. L. J. Phys. Chem. B 2010,
114 (29), 9496-9503. Copyright 2010 American Chemical Society.

Abstract Oxidative stresses from irritants such as hydrogen peroxide and ozone
(O3) can cause dysfunction of the pulmonary surfactant (PS) in the human lung,
resulting in chronic diseases of the respiratory tract. For identification of structural
changes of major components of PS due to the heterogeneous reaction with O3,
field induced droplet ionization (FIDI) mass spectrometry is utilized to probe the
surfactant layer system. FIDI is a soft ionization method in which ions are extracted
from the surface of micro liter volume droplets. We report the structurally specific
oxidative changes of SP-Bj_»5 (a shortened version of human surfactant protein B)
and 1-palmitoyl-2-oleoyl-sn-phosphatidylglycerol (POPG) due to reaction with O3
at the air-liquid interface. We also present studies of the interfacial oxidation of SP-
Bi_25 in a non-ionizable 1-palmitoyl-2-oleoyl-sn-glycerol monolayer as a model
lung surfactant system, where the competitive oxidation of the two components
is observed. Our results indicate that the heterogeneous reaction at the interface
is different from that in the bulk phase. For example, we observe the hydroxy-
hydroperoxide and the secondary ozonide as major products of the heterogeneous
ozonolysis of POPG. These products are metastable and difficult to observe in the
bulk-phase. In addition, compared to the nearly complete homogeneous oxidation of
SP-B1_»5, only a subset of the amino acids known to react with ozone is oxidized
in the hydrophobic interfacial environment. Combining these experimental obser-
vations with the results of molecular dynamics simulations provides an improved
understanding of the interfacial structure and chemistry of a model lung surfactant
system when subject to oxidative stress.

H. Kim, Multiscale and Multiphysics Computational Frameworks for Nano- 107
and Bio-Systems, Springer Theses, DOI 10.1007/978-1-4419-7601-7_7,
© Springer Science+Business Media, LLC 2011
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7.1 Introduction

The human lung is constantly exposed to airborne environmental insults. Long-term
and immediate exposure of lungs to pathogens, air pollutants, and other irritants can
be a major cause of acute and chronic injuries such as cardiopulmonary mortality
and lung cancer [1, 2, 3]. Lung disease is the third leading cause of death in the
United States and ~$154 billion is spent for direct and indirect lung disease-related
health care every year [3]. Lung disease death rates are still increasing and more
efforts to understand the chemical as well as the physical characteristics of lung
system are required.

Pulmonary surfactant (PS) is a complex mixture of lipids and proteins [4] found
in the lungs that reduces the surface tension of the alveolar sacs during the breath
cycle. Phospholipids form oriented monolayers at the air-liquid interface. The prin-
cipal phospholipid component of the layer, 1, 2-dipalmitoyl-sn-phosphatidylcholine
(DPPC), can achieve a very low surface tension (~0 mN/m) [5, 6] while the higher
fluidity of unsaturated phospholipids such as 1-palmitoyl-2-oleoyl-sn-phosphatidyl-
glycerol (POPG) improves the adsorption and spreading properties of surfactant
at the air-liquid interface [6]. Surfactant protein B (SP-B) enhances phospholipid
adsorption and spreading from the sub-phase to the interface [7], and inherited
deficiencies in SP-B are lethal at birth [8]. Despite its vital importance, little is
known about the interactions of the protein with phospholipids to form final lipid-
protein complexes in the PS [9] as well as the manner in which this complex envi-
ronment modifies the interaction of reative oxygen species (ROS) with individual
components.

A number of studies have reported the chemical changes of major components
of PS under various oxidative stresses [10, 11, 12], as well as changes in phys-
ical properties, which cause acute lung injury and respiratory failure [1, 13, 14].
For example, Uppu et al. used human red-blood cell membranes as a model lung
system and demonstrated their oxidation via a bulk-phase O3 application [11]. The
alteration of structure and physical properties of SP-B by ROS has been reported
by Possmayer and co-workers [12, 14]. Yet, understanding detailed mechanisms
of chemical and physical changes in the complex PS system is still an active and
challenging field of research. In particular, the oxidative change of major PS com-
ponents by a heterogeneous air-liquid reaction with an external oxidative source
(i.e. O3) has not been studied thoroughly at the molecular level. An increasing num-
ber of studies have focused on the heterogeneous chemistry of small molecules at
the air-liquid interface, mainly using mass spectrometric [15] and spectroscopic [16]
techniques, as well as theoretical methods [17]. Fewer studies have considered the
air-liquid interfacial chemistry of biologically relevant systems. Exemplifying the
latter, Colussi and co-workers recently reported heterogeneous reactions with O3
of ascorbic acid [18] and uric acid [19], which are components of the pulmonary
epithelial lining fluid, using mass spectrometry.

Field induced droplet ionization mass spectrometry (FIDI-MS) comprises a
soft ionization method to sample ions from the surface of microliter droplets
[15, 20, 21]. It is ideally suited to monitor time dependent heterogeneous reactions
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Fig. 7.1 Illustration of FIDI-MS methodology for studies of interfacial reactions. (a) A quiescent
hanging droplet of analyte-containing solution is formed on the end of a capillary. All electrical
components remain at ground as the droplet is formed and reacts in a field-free environment.
(b) The droplet is exposed to gas-phase reactants for a variable period of time to allow for het-
erogeneous reactions between gas-phase and solution-phase species. (¢) After a reaciton period,
a pulsed electric field stretches the neutral droplet until it emits stream of positively and negatively
charged submicron droplets in opposite directions. Ionized reactants and products from heteroge-
neous reactions enter the capillary inlet of the mass analyzer. Either positive or negative ions can

be sampled
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at the air-liquid interface. A pulsed electric field stretches neutral droplets until they
develop dual Taylor cones, emitting streams of positively and negatively charged
submicron droplets in opposite directions. In practice, a quiescent hanging droplet
is formed on the end of a capillary and then exposed to gas-phase reactants for a
variable period of time, followed by FIDI-MS sampling of molecular species present
in the interfacial layer (Fig. 7.1).

In this study, we utilize FIDI-MS for probing air-liquid interfacial oxidation of
POPG, representative of the major unsaturated anionic lipids in lung surfactant,
and SP-Bj_,5 (FPIPLPYCWLCRALIKRIQAMIPKG) by O3. Synthetic «-helical
SP-Bj_»s5 is reported to produce the same effect as the entire 79 amino acid SP-B
[22, 23, 24]. Sampling droplets with an interfacial layer of POPG or SP-B;_»;5
exposed to O3 gas over a range of reaction times reveals distinct air-liquid interfacial
chemistry. In addition, we examine the heterogeneous reaction of a model PS system
comprising SP-Bj_»5 and 1-palmitoyl-2-oleoyl-sn-glycerol (POG) with O3. POG
is non-ionizable lipid with properties at the air-liquid interface similar to POPG.
It is employed to avoid undesired competition of ionization with SP-Bj_»s at the
surface of the droplet during the FIDI experiment. For comparison to the observed
heterogeneous chemistry, we also report homogeneous reactions of SP-Bj_»5 with
dissolved ozone. Structures of POPG, POG, and SP-B|_;s5 are shown in Fig. 7.2.
The observed interfacial reactions are correlated with positioning of SP-B1_»s5 in a
lipid monolayer as determined by means of molecular dynamic (MD) simulations.

1-Palmitoyl-2-oleoyl-sn-glycerol
(POG)

Phe1-Proz-lle;,-F'ro.-Lou5-Proe-Tyr,-Cysa-Trp,-Leuw-Cys,,-Argm-Alam-Lelu“
Glyzs-Lysz4-Progy-lleug,-Mety-Alazy-Ginyg-lleg-Arg7-Lys g-lless

SP-By.s

Fig. 7.2 Structures of POPG, POG, and SP-B|_js investigated in this study
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7.2 Methods

7.2.1 Chemicals and Reagents

Sodium salts of POPG and POG were purchased from Avanti Polar Lipid
(Alabaster, AL). SP-B1_»5 was purchased from Biomer Technology (Hayward,
CA). All solvents were purchased from EMD Chemicals Inc. (Gibbstown, NJ).

7.2.2 Online FIDI-MS Technique and Heterogeneous Oxidation
by O3

The FIDI-MS instrument used in this investigation were based on designs previ-
ously described by Grimm et al. [15]. A ~2mm o.d. droplet of analyte solution is
suspended from the end of a 28-gauge stainless steel capillary (Small Parts Inc.).
The droplet is located on center in the region between the plate electrode and
the MS inlet; the plate and inlet were separated by 6 mm. A high-voltage pulse
(£7 x 10° Vm~!, 20 ms) is applied on the parallel plate electrode and sampling
capillary to achieve FIDI. Ozonolysis reactions occur between 0 and 30 s after a
quiescent droplet is achieved (~1-25s). A pencil-style UV calibration lamp (model
6035, Oriel) generates ~20 ppm O3. 100 uM POPG, 50 uM SP-B;_»s5, or mixtures
of 100 uM POG and 50 uM SP-B;_»5 in 1:1 (by volume) water and methanol
feed the droplet source. The FIDI-MS spectra reported in this study were obtained
by averaging five to ten individually acquired spectra from separately prepared
droplets. The m/z of each ion was determined from the locations of the peak max-
ima identified in the mass spectra. The experimental details for the bulk-phase O3
application and the Fenton reaction of SP-B;_55 are described in Section 8.8.

7.2.3 Molecular Dynamic Simulations

The MD simulations were performed with the all-atom CHARMM PARAM27 [25]
force field using the LAMMPS (large-scale atomic/molecular massively parallel
simulator) code [26]. To describe the water, we used a flexible TIP3P potential,

which needs additional Hooke’s constants, K of 900 kcal/mol/A2 for OH bond and
K of 110kcal/mol/rad?® for HOH angle to the 3-site-rigid TIP3P model [25]. The
initial conformation of SP-B{_»5 was taken from the Protein Data Bank structure
(1DFW). The particle-particle particle-mesh (PPPM) method [27] was employed to
compute the electrostatic using an accuracy criterion of 1077.

The initial structures for the lipid monolayer-water systems were prepared with
48 hexagonally-packed lipids on the 3168, 3264, 3744, and 4464 water molecules

for the 55, 60, 65, and 70 Azllipid surface densities, respectively. A pure-repulsive
wall potential, E = € [2/15(0/r)? — (0/r)*], where ¢ = 0.1521 kcal/mol and
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o = 3.1538 A with cut-off distance of 2.7071 A, was applied at z = 0 to prevent the
water from diffusing in the negative z-direction. The dimensions of the simulation

cells used were (55.21 A x 47.82 A x 200.0 A) for the 55 A*/lipid, (57.67 A x
49.94 A x 200.0 A) for the 60 A /lipid, (60.02 A x 51.98 A x 200.0 A), for the 65

A’ lipid, and (62.28 A x 53.94 A x 200.0 A) for the 70 A /lipid surface densities.
The systems were equilibrated for 0.5ns using 300 K NVT MD simulations by
applying Nosé-Hoover thermostat with a temperature damping relaxation time of
0.1 ps. Then, 2.0ns NVT MD simulations were performed, and these trajectories
are employed for the analysis of the atomic profiles.

The initial structure for the SP-B_»5 in the POG or POPG monolayer was con-
structed using the final structure after the simulation of the lipid monolayer-water

system with the surface density of 60 A%, After removing six neighboring lipids,
the SP-B|_»5 is inserted into the resultant cavity with an «-helical axis orientation
angle of 34° to the interfacial plane. Then the dimensions of the simulation cells
were slightly adjusted to (57.88 A x 50.12 A x 200.0 A). Similar to the lipid mono-
layer simulations, 0.5 ns equilibration followed by 2.0 ns NVT MD simulation was
performed at 300 K. To analyze the trajectories, we averaged the population over the
last 0.5 ns of the 2.0 ns trajectories.

7.3 Results and Discussion

7.3.1 Interfacial Reaction of POPG with O3

The cis-double bond of an unsaturated phospholipid reacts with O3 yielding alde-
hyde and carboxylic acid products directly from primary ozonide (POZ) or through
energetic Crigee intermediates (CI), while saturated phospholipids such as DPPC
remain intact. In this study we have investigated the heterogeneous reaction of O3
with POPG as a representative unsaturated phospholipid in PS system. The neg-
ative ion FIDI-MS spectra for ozonolysis of POPG in a water/methanol (1:1 by
volume) droplet are shown in Fig. 7.3a along with the proposed reaction mech-
anisms (Fig. 7.3b). Singly deprotonated POPG, observed at m/z 748, is seen as
a dominant species in the FIDI-MS spectrum before O3 application (Fig. 7.3a).
Products resulting from ozonolysis of POPG appear at least as early as 5 s after
exposing the droplet to O3. The relative abundance of the reactant POPG decreases
dramatically after 15 s of exposure, and then the FIDI-MS spectrum is dominated by
ozonolysis products after 30 s. The time for consuming 90 — 99 % of POPG to form
the primary ozonide (POZ) at the air-liquid interface is calculated to be ~10-20 s
(see Section 8.7). This agrees well with the experimental observation of this study.

It is noteworthy that hydroxyhydroperoxide (HHP), methoxyhydroperoxide
(MHP), and the SOZ, which are known to be metastable species in the bulk-phase,
are observed as major products of POPG ozonolysis in the FIDI-MS spectra
(Fig. 7.3a) [28]. In order to yield HHP, a Criegee intermediate (CI) or a POZ is
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Fig. 7.3 (a) Heterogeneous reaction of POPG with O3 as a function of time. In the absence of
ozone, the negative ion FIDI-MS spectrum of POPG is dominated by the singly deprotonated
POPG peak at m/z 748. POPG is depleted after 15 s of the exposure and oxidation products are
dominated by deprotonated hydroxyhydroperoxide (HHP) at m/z 672. The aldehyde, carboxylic
acid, and methoxyhydroperoxide products are observed at m/z 638, m/z 654, and m/z 686, respec-
tively. The secondary ozonide (SOZ) and sodiated alcohol products show up in the spectra at
m/z 796 and m/z 662, respectively. (b) Summary of heterogeneous oxidation of POPG with O3
at the air-liquid interface. R’ is H for water and CH3 for methanol

required to react with a water molecule [28, 29]. Rapid decomposition of HHP
through proton transfers from water molecules yields ROS [29], which makes it
difficult to observe HHP directly in the bulk-phase. The water density at the air-
liquid interfacial region is significantly lower than in the bulk-phase [30]. In addi-
tion, water molecules in a lipid monolayer are observed to be localized within the
lipid head group region due to the strong interactions with polar head groups [31].
These conditions allow HHP to be abundant in the lipid monolayer at the air-liquid
interface, which is a characteristic of the heterogeneous reaction of POPG compared
to the homogeneous reaction [29]. The observed MHP originates from the reaction
of a CI or POZ with a methanol molecule in the droplet.

A significant abundance of SOZ is observed in the FIDI-MS spectra after expos-
ing the droplet to O3 for 15 s. The structure of SOZ (m/z 796) is confirmed by low
energy collision induced dissociation (CID), which yields the aldehyde (m/z 638)
and carboxylic acid (m/z 654) fragments. The peak corresponding to SOZ continues
to build up in the spectrum as the POPG lipid is depleted. We infer that the observed
SOZ is not formed by direct rearrangement of POZ but rather by recombination
of the CI with aldehydes (Fig. 7.3b) [28, 32]. In the bulk-phase, however, faster
reaction with water molecules prevents the CI from reacting with aldehyde to
form SOZ [33]. A significant amount of the sodiated alcohol product (m/z 662)
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is observed after exposing the droplet to O3 for 30s. This product is due to the
dissociation of SOZ followed by the association with sodium cation. This suggests
that after SOZ is produced under an anhydrous environment, the newly formed
hydrophilic molecule interacts with sodium cation in the liquid-phase to yield the
sodiated alcohol product. These SOZ and sodiated alcohol products are characteris-
tic of specific air-liquid interface chemistry during POPG ozonolysis.

7.3.2 Interfacial Oxidation of SP-B;_)s

The positive ion FIDI-MS spectra for the oxidation of SP-B_35 by O3 are shown in
Fig. 7.4a. The doubly protonated SP-B;_»s is observed as the dominant species in
the FIDI-MS spectrum before O3 application. Products resulting from the oxidation
of SP-B1_35 by O3 appear after the droplet is exposed to O3 for 5s. The products
at m/z 1481 and m/z 1489 correspond to doubly protonated SP-B;_»s with two
oxygen atoms and with three oxygen atoms, respectively. The FIDI-MS spectrum
of the droplet with SP-B|_»5 is dominated by the triply oxygenated product at m/z
1489 after exposing the droplet to O3 for 10s. No further oxidation of the peptide

FIDI-MS {FioIE TE, oo

FiDi-ms

Rialative Intensity

Relative Intensity

T — T
400 600 SO0 1000 1200 ©4D0 1600 1800 2000

"we - om0 210} i

Fig. 7.4 (a) Air-liquid interfacial oxidation of SP-B|_»5 by O3 as a function of time. In the absence
of ozone, the positive ion FIDI-MS spectrum of SP-Bj_»5 is dominated by the doubly protonated
SP-Bj_»s5 peak at m/z 1,465. The products at m/z 1,481 and m/z 1,489 correspond to doubly
protonated SP-B_»5 with two oxygen atoms and with three oxygen atoms, respectively, appear
after the droplet is exposed to O3 for 5 s. The triply oxygenated product at m/z 1,489 dominates the
FIDI-MS spectrum after exposing the droplet to O3 for 10s. No further oxidation of the peptide
is observed up to 30s of exposure. (b) FIDI-MS? of doubly charged triply oxygenated SP-B1_»s
product from heterogeneous oxidation yields an exclusive fragment at m/z 1,457 resulting from the
elimination of hydrosulfinylmethane (CH4SO). (¢) The oxidation mechanisms of Trp by ozonolysis
and hydrolysis with hydrolysis mechanism of Met in peptide. (d) Air-liquid interfacial oxidation
of SP-B1_25 by O3 in the POG monolayer as a function of time. Doubly protonated SP-Bj_»s
products with two oxygen atoms and with three oxygen atoms appear after the droplet is exposed
to O3 for 10s. The triply oxygenated product dominates the FIDI-MS spectrum after exposing the
droplet to O3 for 15 s and no further oxidation of the peptide is observed up to 30 s of exposure
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is observed up to 30 s of exposure. The FIDI-MS spectra show that the doubly oxy-
genated product immediately undergoes further oxidation to form the stable product
with three oxygen atoms.

The FIDI collision induced dissociation (CID) spectrum (FIDI-MS2) of the prod-
uct at m/z 1489 is shown in Fig. 7.4b. The CID of triply oxygenated SP-B;_»5 from
heterogeneous oxidation yields an exclusive fragment at m/z 1457 resulting from the
elimination of hydrosulfinylmethane (CH4SO), which is the characteristic CID frag-
ment of methionine sulfoxide (MetSO) [34]. This indicates that the oxidation of the
methionine residue (Mety) in SP-B_»5 results from the heterogeneous ozonolysis.
The other two oxygen atoms are added to the tryptophan residue (Trpg) forming
N-formylkynrenine (NFKyn) (see Section 8.8).

In order to investigate the difference between the interfacial and bulk-phase reac-
tions of O3 with SP-B_»5, O3 was bubbled into a solution containing SP-Bj_»s.
Oxidation using the Fenton reaction is also performed to compare the bulk-phase
ozonolysis to bulk-phase oxidation by OH radical (see Section 8.8 for detailed anal-
ysis). The Fenton reaction yields a series of oxidized SP-Bj_»5 products with up
to 10 oxygen atoms while the bulk-phase O3 reaction yields dominating products
of 3- and 9-oxygenated SP-B|_5s5. For the comparison to heterogeneous ozonolysis
of SP-B1_3s, the products with three additional oxygen atoms from both reactions
are analyzed. Bulk-phase O3 application yields two triply oxygenated SP-Bj_»s
products, one with NFKyn (4 20) and MetSO (4 10), and the other with hydroxy-
N-formylkynrenine (HNFKyn, + 30). The Fenton reaction yields only the product
with HNFKyn.

Ozone has limited solubility in water. For a gas-phase concentration of
20 ppm O3, the equilibrium concentration of O3 dissolved in aqueous solution is
calculated as 22.6 nM by Henry’s law [35]. In addition, O3 is unstable in water, and
rapidly forms secondary oxidants [36]. The major secondary oxidant formed by O3
in water is OH radical [37]. This implies that two major O3 oxidation pathways,
ozonolysis and hydroxylation, can be observed at the air-liquid interface. The triply
oxygenated SP-Bj_»s is formed concomitantly with the formation of the doubly
oxygenated SP-B;_»5 after exposing the droplet to O3 for 5 — 10s (Fig. 7.4a). The
oxidation mechanisms of Trp and Met in peptide are shown in Fig. 7.4c. The NFKyn
can be formed via direct ozonolysis of Trp [38] or hydrolysis of hydroxytryptophan
(HTrp) [12]. However, the formation of MetSO from Met occurs primarily by sec-
ondary oxidants [39]. The NFKyn of the heterogeneous reaction results from the
direct ozonolysis of Trpg, which is located at the hydrophobic N-terminal side of
SP-Bi_»5. Mety;, which likely forms MetSO, is located at the hydrophilic
C-terminal site. Intact Cysg and Cysy; support this observed O3 oxidation of
SP-Bj_»5. The rate constant for reaction of Cys with ozone is three orders of mag-
nitude larger than that of Trp and Met [40]. However, the oxidation of Cys to yield
sulfonic acid occurs primarily by reactions with secondary oxidants [41], which are
not present in significant concentration in the vicinity of the hydrophobic segment of
the peptide where Cysg and Cysj; are located. The formation of HNFKyn requires
at least one secondary oxidation step (Fig. 7.4c). After NFKyn is formed by either
direct ozonolysis or reaction with secondary oxidants, the Met and NFKyn undergo
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competitive oxidation to yield MetSO (k = 1.4 x 10~ ¢m?® molecule™! s~!) and
HNFKyn (k = 1.3 x 107! ¢cm?® molecule™! s~!) by ROS in the bulk-phase [42].
The heterogeneous ozonolysis of Trpg induces a change in peptide orientation at the
interface. This results in Cysg and Cysj; being exposed to ROS for oxidation in the
bulk phase, which yields total 9-oxygenated SP-B_»s.

7.3.3 Oxidation of SP-Bj_3s5 in POG Monolayer by O3

The interfacial reaction of SP-B|_»5 with ozone was also examined in a monolayer
of the non-ionizable lipid POG. Almost identical FIDI-MS spectra are observed
compared to the spectra obtained for ozonolysis of SP-B|_»5 without POG except
for an ~5 s time delay for initiation of the reaction (Fig. 7.4d). The FIDI-MS spec-
trum of the SP-B|_»5/POG droplet is dominated by the triply oxygenated product
after 15 s of exposure. No further oxidation of the peptide is observed up to 30 s
exposure.

The observed time delay of the reaction provides a critical clue regarding
the location of SP-Bj_»5 in the monolayer. From the FIDI-MS spectra, it takes
~10-20 s for POPG at the air-liquid interface to be consumed by O3 (Fig. 7.3a).
Both POG and POPG possess a palmitic acid chain and an oleic acid chain, the
latter of which reacts with O3. Under the assumption that the reactivity of POG is
similar to that of POPG, the initiation of the SP-B|_»5 ozonolysis is expected after
the droplet is exposed to O3 for 10 — 20 s, if the peptide is completely shielded by
lipid acyl chains. However, the observed short time delay of the initiation of SP-
B1_25 ozonolysis suggests that the peptide competes directly with POG for reaction
with Os. This is consistent with a picture in which the peptide is colocated at the
air-liquid interface with POG at the surface of the droplet.

7.3.4 Interactions of SP-Bj_;s in a Lipid Monolayer

We carried out MD simulations for the POPG monolayer and POG monolayer
in a water box for 2.0 ns with four different surface densities (55, 60, 65, and

70 Az/lipid), which are reported as a proper density range for pulmonary surfactant
function from previous theoretical studies [43, 44, 45]. Figure 7.5 shows the atomic
density profiles of oxygen atoms of water molecules, saturated carbon atoms, and
unsaturated carbon atoms of lipid acyl chains along +Az, which is z-direction rel-
ative to the averaged phosphorous atom of POPG or hydroxyl hydrogen of POG.
The POPG monolayer and POG monolayer exhibit almost identical atomic density
profiles. Slightly stronger interaction between POPG and water is observed from
their larger area of overlapping density (~1.6 times). This is due to the strong ion-
dipole interactions between POPG phosphate group and water molecules, which
is absent from the POG monolayer. The water density at the double bond of POPG

(5-20 A) is ~0.0005 atom/AS, which is ~70 times less dense than in the bulk-phase
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Fig. 7.5 Atomic density profiles of POPG monolayer systems (solid lines) and POG monolayer
systems (dotted lines) as a function of Az, where the air/liquid interface is 0, and proceeding left

to right from the water to the lipid layer. The lipid surface densities are (a) 55 Azllipid, (b) 60

A’Nipid, (¢) 65 A*/lipid, and (d) 70 A’/lipid. Blue lines denote the density profiles of oxygen
atoms of water molecules, black lines denote that of saturated carbons of lipid acyl chains, and red
lines denote that of unsaturated carbons of lipid acyl chains

(~0.035 atom//ok3). The low water concentrations around the double bond explains
the experimental observation of the intermediates and metastable products from
heterogeneous ozonolysis, including SOZ, HHP, and MHP (Fig. 7.3a), which are
difficult to observe in water-rich environments [28, 29, 33].

We performed 2.0 ns duration MD simulations of the POG/SP-B;_,5/water
monolayer with 60 Azllipid surface density as a representative case. The final snap-

shot in Fig. 7.6a shows that the SP-B_55 is located at the air-liquid interface. The
hydrophobicity index of each amino acid (AA) residue in the peptide is shown in
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Fig. 7.6 (a) Final snapshot after 2.0 ns of MD simulation of SP-B|_55 in a POG monolayer at 60

Azllipid. The peptide is shown in rainbow color (C-terminal: red, N-terminal: blue). Lipids, water
molecules, and chloride are shown in purple, cyan, and red, respectively. (b) AA hydrophobicities
[46] (top) and Az of C, of each residue averaged during the last 0.5ns of a 2.0ns duration MD
simulation (bottom) are plotted as a function of amino acid residue number. The air/water interface

is located near Az = 0. (¢) Atomic density profiles of SP-B|_»5 in POG monolayer at 60 Azllipid
as a function of Az during the last 0.5ns of the 2.0ns MD simulation. Blue dash line denotes
the density profiles of oxygen atoms of water molecules. Black and red dash lines denote those
of separately summed saturated and unsaturated carbons of lipid acyl chains, respectively. Wine,
magenta, cyan, and olive solid lines denote the 100 times scaled density profiles of the C, carbon
of Cysg, Trpg, Cysj1, Mety| residues, respectively

Fig. 7.6b (top) [46]. Relatively strong hydrophobicity is found for the N-terminal
side of the peptide with Leu, Ile, and Pro residues. In contrast, hydrophilicity is
expected from C-terminal side due to Arg, Lys, and Gln residues. The MD simulated
Az of C, of each residue exhibits a good correlation with the hydrophobicity index.
The hydrophobic N-terminal side of the peptide is located above the air-liquid inter-
face, while the hydrophilic C-terminal side is located under the interface (Fig. 7.6b
bottom). Figure 7.6c shows the atomic density profiles of oxygen atoms of water
molecules as well as saturated and unsaturated carbon atoms of POG acyl chains
along Az. The 100 times scaled atomic density profiles of the C, carbon of Cysg,
Trpg, Cysi1, and Mety; residues are also shown in Fig. 7.6¢c. The density profiles
show a good agreement with the hydrophobicity index. In practice, a low water
density is found around Trpg, which leads to the formation of NFKyn via direct
ozonolysis. The water density around Met,; is observed to be sufficiently high to
expect ROS formation and subsequent reaction to yield MetSO. In contrast, the low
water density near Cysg and Cysj; inhibits their oxidation by ROS.

Based on the competitive reactivity of POG and SP-B_»5 with O3 we suggest
above that they are colocated at the interface. The MD simulations of SP-B_55 in
a lipid monolayer support our interpretation. Trpg and Mety; of SP-B;_»5 lie below
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Fig. 7.7 (a) The xy-projected density profiles of saturated carbon atoms of lipid acyl chains from
MD simulations is shown with colors and the averaged positions of C, carbons of SP-B;_»s in the
POG monolayer is shown with a black line (each residue is shown with cross). (b) Top view of

final snapshot after 2.0 ns of MD simulation of SP-B{_»5 in a POG monolayer at 60 ;\Z/lipid. The
peptide is shown in rainbow color (C-terminal: red, N-terminal: blue). Lipids and water molecules
are shown in gray and cyan, respectively. Black spheres denote unsaturated carbon atoms of lipid
acyl chains, and orange spheres denote hydroxyl oxygen atoms

(in the z-direction) the location of the lipid double bonds (Fig. 7.6¢). Figure 7.7a
shows the xy-projected density profiles of saturated carbon atoms of lipid acyl
chains with the averaged positions of C, of AA residues of SP-B_»s5. It is notewor-
thy that lipid acyl chains do not shelter the peptide at the air-liquid interface. The top
view of the MD simulation final snapshot in Fig. 7.7b illustrates that SP-B1_»5 is not
shielded by unsaturated carbons (black spheres) of lipids. The strong amphiphilic
characteristic and the large surface area of SP-B1_»s5 cause the peptide to position
itself at the air-liquid interface where it displaces lipids. As a result, SP-Bj_»5 forms
an island in a lipid monolayer that causes the hydrophobic portion of the peptide to
be exposed to O3 despite its location below the position of lipid double bonds. We
also simulated SP-B_55 in the POPG monolayer. The peptide penetrates deeper into
the POPG monolayer due to the strong electrostatic interaction between the cationic
AA residues (Argia, Argi7, and Lysje) and the anionic phosphate group of POPG
(Figs. 7.8a, b), which agrees with previous simulations in anionic lipid monolayers
[43, 47]. SP-B|_75 forms an island in the POPG monolayer and the anhydrous envi-
ronments in the lipid monolayer may lead SP-Bj_»5 to be more susceptible to direct
ozonolysis than to modification by ROS (Figs. 7.8c and 7.9).

7.4 Conclusions

Summarizing, to understand the unique chemistry at a model lung surfactant/air
interface under O3 exposure, we utilized the FIDI-MS technique to analyze chem-
ical reactions at this interface. In the FIDI-MS spectra, oxidized products dis-
tinct from those formed in the bulk-phase were observed from SP-B;_j5 alone
and imbedded in the POG monolayer. We also carried out MD simulations that
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Fig. 7.8 (a) Final snapshot after 2.0 ns MD simulation of SP-Bj_»5 in POPG monolayer at

60 Az/lipid is shown at fop panel. The peptide is shown in rainbow color (C-terminal: red,
N-terminal: blue), lipids in gray, water molecules in cyan, and chloride ions in red. Lower left
and right show that Arg residues and Lys residues (displayed with sticks) are interacting with
phosphate groups of lipids, respectively. (Phosphorous atoms are in magenta.) (b) AA index for
hydrophobicity scale [46] (fop) and Az of Ca of each residue averaged during the last 0.5ns
trajectory of 2.0ns duration MD simulations (bottom) are plotted as a function of amino acid
residue number. The air/water interface is located near Az = 0. (¢) Atomic density profiles of

SP-B|_»5 in POG monolayer at 60 Azllipid as a function of Az during the last 0.5 ns of the 2.0 ns
MD simulation. Blue dash line denotes the density profiles of oxygen atoms of water molecules.
Black and red dash lines denote those of saturated and unsaturated carbons of lipid acyl chains,
respectively. Wine, magenta, cyan, and olive solid lines denote the 100 times scaled density profiles
of the C, carbon of Cysg, Trpg, Cysi1, and Mety residues, respectively

provide additional insights into the interactions between lipids, SP-B1_35, and water
molecules in the interfacial region. In these simulations the location of SP-B_»5
relative to the lipids provides a rationalization for the experimental observation that
the peptides compete with the lipids for reaction with Os.

The oxidation of PS causes surface dysfunction in adsorption, respreading, and
reduction of surface tension [14, 48]. Once the O3 traverses the air-liquid inter-
face, it decays rapidly concomitant with the formation of ROS in regions with high
water densities [36]. However, due to the high reactivity with PS at the interface,
it has been thought that little or none of the O3 can penetrate the PS monolayer to
attack the epithelium cells below [49]. Instead of direct attack by O3 and its ROS
derivates, secondary oxidized products of PS, such as HHP, have been expected to
yield cellular damage [49]. We have found that more than 60 % of the heterogeneous
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Fig. 7.9 The xy-projected density profiles of saturated carbon atoms of lipid acyl chains is shown
with colors and the averaged positions of C, carbons of SP-B|_»5 in the POPG monolayer is
shown with a black line (each residue is shown with cross)

oxidation products of POPG by O3 are peroxides. These products, which are more
water soluble than others, eventually dissolve into the water droplet. Then, rapid
decomposition of products yields reactive oxygen species (ROS) [29] which causes
cellular damage below the monolayer.

Possible protection of SP-B from homogeneous oxidation by PS lipids has been
suggested in an earlier study [12]. However, we have shown that SP-B|_»s is oxi-
dized directly by heterogeneous reaction with O3 since it is located at the air-liquid
interface with significant exposure to O3. The homogeneous oxidation of SP-B by
ROS is known to reduce its surface activity and function [12, 14]. We have observed
fast formation of NFKyn from the direct ozonolysis of Trpg at the hydrophobic
N-terminal side of SP-B;_»5. The oxidized residue reduces the hydrophobicity of
the N-terminal side of the peptide. This induces a change in peptide orientation in
the monolayer that results in NFKyn, Cysg, and Cysj; being exposed to ROS for
further oxidation. As a result, further oxidation of SP-B_»5 by a heterogeneous
reaction with O3 produces effects similar to those seen in homogeneous oxidation.

Our findings present a detailed explanation for the mechanisms of the possible
damage to the pulmonary system by ROS or direct ozone exposure. Further studies
with a more elaborate model system comprising SP-B, SP-C, and various lipids
could further clarify the effect of other environmental exposures, such as smoking
and airborne particles, on the lung surfactant system.
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Chapter 8
Appendices

Abstract This chapter provides appendices to support the understanding of readers.
Appendices A to D contain supporting information of Chapter 2; appendices E and
F contain supporting information of Chapter 3; and appendices G and H contain
supporting information of Chapter 7.

8.1 Appendix A: Discussions on Coarse-Graining of Time- and
Length-Scale in Monte Carlo Simulations for AN-OPE SAM

In order to connect from the atomistic quantum level to macroscopic level, it is
necessary to coarse grain the system. We discuss below some of the consequences
of the coarse graining on time- and length-scale.

8.1.1 Time-Scale

From the NN model, the energies required to initiate the P-to-T transition under
1.2 V/A and T-to-P transition without external field are A E¥ = 11.58 kcal/mol and
AE¥ = 12.52kcal/mol, respectively. Assuming AS* = kg In(2500), from Eyring
equation, k = kpT/hexp (ASi/kB) exp (—AEi/kBT), we obtain 79 = 1/k =
1.9 x 1078 s and 79 = 9.3 x 1073 s for P-to-T case and T-to-P case, respectively. By
comparing these values with MC results of 79 = 274, 193 MCS and 7o = 357, 135
MCS, we can estimate 1 MCS as an order of ~ 10713 s. Thus, in actual unit, the
sweep rates of 1 x 1078 V/MCS, 4 x 1078 V/MCS, and 2 x 10~7 V/MCS are around
1 x 10°V/s, 4 x 10° V/s, and 2 x 10° V/s, which are ~10° times faster than the
experimental conditions.

8.1.2 Length-Scale

We found that in our simulations, the total time taken for the complete P-to-T transi-
tion under the constant external field of F, fp_io.T(F) is highly overestimated when

H. Kim, Multiscale and Multiphysics Computational Frameworks for Nano- 125
and Bio-Systems, Springer Theses, DOI 10.1007/978-1-4419-7601-7_8,
© Springer Science+Business Media, LLC 2011
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F is near F, due to the periodic boundary condition. It is a well known fact that
the finite-size effect in simulations becomes serious near the critical point of phase
transition [1]. This artifact makes the transition occur at once after the bias voltage
is increased sufficiently, and finally yields a narrower range of NDR (Fig. 8.1).

8e+06

6e+06

4e+06 F =0.95 V/A

2e+08

F=1.0V/A
F=1.2V/A
L

Total time taken for the complete
P-to-T transition tp_, ; (MCS)

0

0 1000 2000 3000 4000
Area of Simulation Cell (NxN)

Fig. 8.1 Total time taken for the complete P-to-T transition, fp.;,.T by varying the area of the
periodic simulation cell as 10 x 10 = 100, 30 x 30 = 900, 40 x 40 = 1600, 50 x 50 = 2500, and
60 x 60 = 3600. Black line denotes the change of tp_o-1 under the external field of F = 1.2 V/A,
red line denotes the change of fp_i.T scaled by 10 under the external field of F = 1.0 V/A, and
blue line denotes the change of tp.i,T scaled by 15 under the external field of F = 0.95 V/A. The
tp_to-T Value is converged at the area of 900-1600 and 2500-3600 when F = 1.2 V/A and 1.0 V/A,
respectively. When F = 0.95 V/A, the fp_io.1 value is not converged until the area of 3600. This
infers that we need much larger simulation cell to get the right converged value of fp_i,.T as the F
approaches to the critical field, F, = 0.56 V/A. Otherwise, we will get the overestimated value of
tp-to-T NEaAr F,

8.2 Appendix B: Effect of Molecular Fluctuations
on the Electrical Conductivity of AN-OPE SAM

Electrical conductivity through the AN-OPE is estimated using the fitting equation
of Fig. 2.8 based on the twisting angles, x; and x2, from MD simulations with
(10 x 10) unit cell. We mimicked two sets of voltage sweep cycle by following MD
procedures:

(a) QM optimized P structure is employed for the initial structure, then, annealed
in the absence of external field. The conformations are almost co-planar as pre-
dicted from QM calculation with a well-developed HB network. Estimated con-
ductivity is large with the averaged value of 0.035.

(b) External field of 1.2 V/A is turned on to the final structure of (a). The SAM
structure is partially disordered and x; has largest probability at 90°. Estimated
conductivity 3.21 times decreases to 0.011.
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(c) QM optimized T structure is employed for the initial structure, then, annealed
under the external field of 1.2 V/A. Structural fluctuation allows AN-OPEs to
have ~90° twisted conformations, resulting the loss of HB network. SAM is well-
ordered. Estimated conductivity remains same to (b) with the value of 0.011.

(d) External field is turned down from the final structure of (a). SAM forms a pretty
disordered structure and x; has no strongly preferring angle. Estimated conduc-
tivity 1.23 times increases to 0.013.

(e) The final structure from step (d) is annealed in the absence of external field.
SAM still has disordered structure, however, probability at x; = 90° slightly
decreases. Estimated conductivity is slightly increases to 0.014.

(f) External field of 1.2 V/A is re-turned on to the final structure of (e). Structure
and twisting angle is similar to (b), however, it is a bit more disordered. Thus,
estimated conductivity is a bit smaller than (b) with the value of 0.010.

(g) The final structure from step (d) is annealed under the external field of 1.2 V/A,
and the SAM has still similar structure to (f). Estimated conductivity remains
same to (f) with the value of 0.010.

(h) External field is re-turned down from the final structure of (g). SAM forms a
more disordered structure to (d). Thus, estimated conductivity smaller than (d)
with the value of 0.012.

(i) The final structure from step (h) is annealed in the absence of external field.
SAM still has a disordered structure, however, probability at x; = 90° slightly
decreases. Estimated conductivity is 1.05 times increases to 0.013.

The conductivities during the second cycle (f-i) shows ~6% smaller values com-
pared to the conductivities during the first cycle (b—e). These results are shown at
Fig. 8.2.
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Fig. 8.2 (top panel) Electrical conductivity through the AN-OPE is estimated based on the twisting
angles from MD simulations with (10 x 10) unit cell. (bottom panels) The final snapshot after each
step is shown with the populations of x; and x2, which are averaged during the last 0.5 ns dynamics
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8.3 Appendix C: NDR in Other OPE-derivative Systems

We investigated that how our mechanism predicts the possibility of NDR in other
systems containing other OPE derivatives.

8.3.1 Bare OPE

For bare OPE (B-OPE) with no functional groups our mechanism would suggest
that there is no NDR effect, since the lack of functional groups leads to only a
small molecular dipole moment to interact with the external field and there is no
mechanism for the increased applied field to convert from the high conductance
P phase to the low conductance T phase. Reference [2] shows the experimental data
on B-OPE, which shows no NDR effect.

8.3.2 Nitro OPE

We calculated that the SAM of 5'-nitro monosubstituted OPE system (N-OPE) on
Au (111) surface. We figured out that N-OPE also can have two conformations of
P and T on the SAM by forming weak HB networks along [1120] direction and
[1010] direction, respectively. The lack of amino group makes NO, form a weak
HB with the positive aromatic H atoms of the adjacent molecules (Fig. 8.3).

The twist angles are y = 4° and y = 163° and the heights of the terminal ring
of are 8.73 A and 7.63 A for P and T, respectively. These are almost identical to the
values in AN-OPE case. Therefore, we expect the conductance ratio for N-OPE to
be very similar to AN-OPE.

From PBE DFT calculations, P is more stable than T by 6.57 kcal/mol when
no external field is applied. The dipole moment component in the [0001] direc-
tion are 3.83 (2.01) debye for P and 6.61 (3.86) debye for T from the analysis
of Mulliken charges, while the parenthetical values are from quantum mechanical
wave-function. Thus, the favorable state is changed from P to T as the external field
is applied (Fig. 8.4). This suggests that the N-OPE also undergoed conformational
change from P to T as the bias voltage increases. The critical field F, is calculated
as 0.49 V/A and 0.74 V/A when using dipole moments from Mulliken charge and
QM wave-function, respectively. Since these are in the range of the Fc in AN-OPE
system (0.56 V/A), the critical bias voltage where NDR occurs to be similar to the
critical bias voltage of AN-OPE system of ~0.6 V. Reference [2] also shows the
experimental data on N-OPE, which shows a well-defined hysteretic NDR at ~0.6 V
as predicted from our calculations.
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Bl Low Field Structure
(Planar Structure)

I High Field Structure
(Twisted Structure)

LA LL )
by

Fig. 8.3 (a) Optimized geometry for the low field structure (P) of N-OPE SAM. Here [0001]
is the surface normal and the views are along z-axis (upper middle), y-axis (lower middle), and
x-axis (lower right). The left picture is a perspective along the axis of one plane of molecules. The
weak hydrogen bonding network is aligned along the [11@0] direction. (b) Optimized geometry
for the high field structure (T) of N-OPE SAM. Here [0001] is the surface normal and the views
are along z-axis (upper middle), y-axis (lower middle), and x-axis (lower right). The left picture
is a perspective along the axis of one plane of molecules. The weak hydrogen bonding network is
aligned along the [IOTO] direction
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Fig. 8.4 (a) Energies of various conformations of N-OPE relative to the AP conformation com-
puted with a 0.6 V/A external field from FF calculations (black histograms). (b) Energies of various
conformations of N-OPE relative to the AP conformation computed with no external field from FF
calculations (black histograms), and QM calculations (green histograms)

8.4 Appendix D: Conversion Factor Between External Electric
Field and Bias Voltage

To connect the NEGF results and MC simulations, we need to convert the magnitude
of external field, F, into the bias voltage, V. Since the critical bias voltage V. is
observed as ~0.6 V from the experiment and the critical field F, is 0.56 V/A in our

NN model, we set the linear coefficient ¢ as 0.93 10\_1, which is defined by F/ V.

8.5 Appendix E: Mulliken Charge Distributions of Bistable
[2]Rotaxane Molecular Switch Depending on CBPQT*+
Ring’s Position

The shuttling motion of charge accepting cyclobis-(paraquat-p-phenylene)
(CBPQT**) between the charge donating stations such as tetrathiafulvalene (TTF)
and 1,5-dioxynaphthalene (DNP) moieties is governed by the charge transfer
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Fig. 8.5 Structures of (a) backbone part and (b) CBPQT** ring part with numbered atoms. The
assigned numbers on the atoms are associated with the partial charge distribution data shown in

Table 8.1, 8.2, and 8.3

amount between the ring and the backbone. Since the potential energy surface that
the CBPQT** ring suffers while traveling along the backbone has a large depen-
dency on the local charge distribution of the rotaxane molecule, we performed DFT
calculations for 9 different ring’s positions by varying the oxidation states, 0, +1,
and +2. Computed Mulliken charge distributions are tabulated in this section.
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8.6 Appendix F: Consideration of Metric Effect on the Bistable
[2]Rotaxane Molecule During the Constant MD Simulations
Using Fixman’s Theorem

When we consider a system with N generalized coordinates g;, associated conju-
gated momenta p;, and masses m;, the Hamiltonian of this system H is given by

1
H(p.q) = EpTM—lp +V (g, (8.1)

where M is the “symmetric metric tensor” or “mass-metric tensor” that is defined as

N

31‘,’ 81’,‘
My = j—  —. 8.2
ki Xi:mz o oal (3.2)

Among N generalized coordinates, we consider that v generalized coordinates g’
are constrained, and rests of them ql.’ are not. Then, according to the Fixman’s theo-
rem [3], the ratio of the original partition function Q and the partition function from
the constraint dynamics Q. is

Qg — (detz)"1/2, (8.3)

c

where
v

1 aq// aq//
Zn = T S

8.4
; m; 31‘,’ 31‘[ ( )

In our simulation, the (det Z) is determined as the inverse of the CBPQT** ring’s
mass, 1/Myjne. From Eq. 8.3, the difference between the original free energy F' =
—kpT In Q and the free energy from the constraint dynamics F, = —kpT In Q is
determined by

1
F—F.=—kgTIn(detZ)™'/? = —EkBT In Miing = const. (8.5)

Therefore, the metric effect only adds a constant scalar value to the absolute free
energy values, which has no influence on the relative energetics.

8.7 Appendix G: Time for Consumption of POPG

The formation of primary ozonide (POZ), which is the first step in the ozonolysis of
I-palmitoyl-2-oleoyl-sn-phosphatidylglycerol (POPG) at the air-liquid interface, is
described as
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05 + POPG % POZ. (8.6)

The ozone concentration is assumed to be constant during the reaction, which allows
calculating the reaction rate using the pseudo-first order rate constant k» = k; [O3],
where k| = 4.5x 107'¢ cm3 mol~! s~! adopted from the OPPC ozonolysis on NaCl
[4]. The ozone concentration, measured spectrophotometrically using an absorption
cell with 10 cm path length, is determined to be ~5 x 10'* mol cm™3 (20 ppm). The
reaction rate is expressed as

d [POPGly,,,
- =" = ka [POPGl,, 0. (8.7)
Solving Eq. 8.7 gives
POPG],, r
POPGlyury — okt (8.8)
[POPG] surf,0

For 90 and 99% depletion of POPG at the air-liquid interface, it takes ~10 and
~20s, respectively.

8.8 Appendix H: Bulk-Phase Ozonolysis

8.8.1 Methods

8.8.1.1 Chemicals and Reagents

Ammonium bicarbonate (NH4HCO3), iron (II) dichloride (FeCly), sodium
ethylenediaminetetraacetic acid (EDTA), trypsin from porcine pancreas were pur-
chased from Sigma-Aldrich (St. Louis, MO). SP-B|_»5 was purchased from Biomer
Technology (Hayward, CA).

8.8.1.2 Bulk-Phase O3 Reaction

A continuous flow of ~20 ppm Oj3 in air was applied to the 100 uM SP-B;_»5
solution in 1:1 (by volume) water and methanol solvent for 30s, 1, 1.5, 2, 3, 4, and
5 min. The SP-B_55 solution was diluted to 50 wM for ESI with 1:1 water/methanol
and 1% acetic acid by volume. Trypsin digests of SP-B_5 and O3 treated SP-B|_»5
were prepared by incubating 200 wM of SP-B1_»5 with 6 g of trypsin from porcine
pancreas in 1 mL of water containing 25 mM ammonium bicarbonate (NH4sHCO3)
at 37°C for 4h. The trypsin was then removed using a Millipore Microcon cen-
trifugal filter fitted with an Ultracel YM-10 membrane. The sample solution was
diluted to an appropriate concentration for ESI with 1:1 water/methanol and 1%
acetic acid by volume. Product analysis was performed on a Thermo Finnigan LCQ
Deca XP ion trap mass spectrometer (ITMS) in positive and negative modes. The
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nomenclature proposed by Roepstorff and Fohlman [5] was used for the parent and
fragment ions.

8.8.1.3 Fenton Reaction

SP-B_35 (500 wM) was incubated with 600 uM FeCl,, 600 uM sodium EDTA, and
30mM H>O; in 1 mL water at 37°C for 12, 18, and 24 h. The peptide was purified
using a Varian C18 OMIX 100 L pipette tip. The sample solution was diluted to an
appropriate concentration with 1:1 water/methanol and 1% acetic acid by volume.
Product analysis was performed on a Micromass QTof2 quadrupole time of flight
mass spectrometer in the positive ion mode.

8.8.2 Results and Discussion
Triply and quadruply protonated SP-B;_»5 are observed as dominating ions in the
ESI-MS spectrum with a small amount of doubly protonated peptides (Fig. 8.6a, d).

Figure 8.6 shows oxidized products of triply and quadruply charged SP-Bj_»5 from
the bulk-phase O3 reaction and the Fenton reaction with intact SP-B;_»5. As seen

a [M+4H]" d M+3H]"

| .
Aﬁ"\\-’rkﬂn\‘/ IW&M‘&M«.N \d’. M,L‘l \\'\A-.-;—AM..J.J

B . e +30 430
ol JLM il WMM i
¢ " f +10

+30 +20
@ 3 +30

700 725 750 775 800 950 975 1000 1025 1050

miz miz
Fig. 8.6 (a) Quadruply charged SP-B|_»5 and oxidized products from (b) the bulk-phase O3 reac-

tion and (c) the Fenton reaction with intact SP-Bj_»5. (d) Triply charged SP-B|_»5 and oxidized
products from (e) the bulk-phase O3 reaction and (f) the Fenton reaction are also shown
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in Fig. 8.6b, e, incorporation of three and nine oxygens in SP-B|_»5 are observed as
major products from the bulk-phase O3 reaction with the peptide. Other oxygenated
peptides (+ 40 and + 50) are also observed as minor products in the spectrum. The
Fenton reaction yields a series of oxidized SP-B;_»5 products with up to 10 oxygen
atoms (Figs. 8.6¢, f). It is notable that the bulk-phase O3 reaction yields dominat-
ing products of 3- and 9-oxygenated SP-B_5s. This suggests the high stability of
SP-Bj_»5 incorporating 3 and 9 oxygen atoms. In order to determine structures of
the oxidized SP-B|_»5 by the bulk-phase O3 reaction, trypsin digest was performed
after applying O3 for 3 min to the SP-B{_35 solution.

The ESI mass spectrum of a trypsin digest of SP-B;_»s exhibits 7 major ion
peaks. The masses and segments of the observed tryptic digest ions of SP-Bj_»5
are indicated in Fig. 8.7a. The ESI mass spectrum of a trypsin digest of SP-Bj_»s
oxidized by reaction with bulk-phase O3 exhibits segments with MetSO (m/z 817,
m/z 874, and m/z 1,030) and the less abundant N-terminal segment of FPIPLPY-
CWLCR + 80 at m/z 1636 in positive ion mode (Fig. 8.7b). The negative ion mode
ESI mass spectrum also exhibits corresponding deprotonated segment ion peaks
(Fig. 8.7¢c).

The structures of segments are confirmed by CID spectra. As seen in Fig. 8.8a,
the CID of the ion at m/z 817 exhibits the elimination of hydrosulfinylmethane
(CH4SO0, 64 mass unit), which is the characteristic dissociation pathway of methio-
nine sulfoxide (MetSO) [6, 7]. The structure of the segment FPIPLPYCWLCR +
80 is also investigated using CID. Fragments from the CID of the cationic
FPIPLPYCWLCR + 80 at m/z 1636 yields y-type fragments (y; and y9) with
all eight oxygen atoms as dominant products (Fig. 8.8b). The fragment PLPYCW
with six oxygen atoms indicates that Cysg and Trpg are oxidized to sulfonic acid
(+ 30) and hydroxy-Nformylkynurenine (HNFKyn, + 30), respectively. Thus, we
can assume that Cysj is oxidized to sulfenic acid (+ 20). The structures are further
confirmed by the fragments of cg 4+ 30 and PLPYC + 30 resulting from the CID
of FPIPLPYCWLCR + 80 in negative ion mode (Fig. 8.8c). It is notable that Cysg
and Cysj; are located next to each other in the helical structure [8]. Asymmetric
oxidation of closely located Cys residues is caused by the possible formation of sul-
fonic anhydride (R;-O2SOS03-R>). No segment peak is observed from the triply
oxygenated SP-B|_»5 after tryptic digest of the products from the bulk-phase O3
reaction.

The observed high abundance of SP-B|_,5 where 3 and 9 oxygen atoms have
been added can be explained by the distinct oxidation mechanisms of O3 in aqueous
solution. Cys easily undergoes oxidation by O3 to form sulfonic acid in aqueous
solution primarily by reactions with secondary oxidants [9]. Cysg and Cysj1, which
are located near the hydrophobic N-terminal site in SP-B;_»5, are hardly oxidized
by reactive oxygen species (ROS) at the air-liquid interface. Trpg and Mety; are
oxidized to form NFKyn and MetSO by ozonolysis and ROS, respectively, by inter-
facial reactions. This induces a change in peptide orientation in the interface that
results in NFKyn, Cysg, and Cys;| being exposed to ROS for further oxidation. As
a result, NFKyn occurs to form HNFKyn and, simultaneously, Cysg and Cys; are
also oxidized by ROS to form sulfonic anhydride.
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Fig. 8.7 (a) The ESI mass spectrum of the trypsin digests of SP-B_»5 in positive mode. (b) The
ESI mass spectrum of the trypsin digests of the oxidized SP-B_»5 from the bulk-phase O3 reaction
in positive mode. (¢) The negative mode ESI mass spectrum of the trypsin digests of the oxidized
SP-B|_»5 from the bulk-phase O3 reaction

The SP-Bj_»5 products with three additional oxygen atoms from both reactions
are analyzed using CID. Figure 8.9 shows CID spectra (ESI-MS?) of triply oxy-
genated products of quadruply protonated SP-B;_»s from bulk-phase O3 applica-
tion and from the Fenton reaction. The ESI-MS? spectrum of the triply oxygenated
SP-B1_»5 by bulk-phase O3 application implies the presence of two products, one
with NFKyn (+ 20) and MetSO (+ 10), and the other with HNFKyn (4 30).
Evidence of the MetSO in the oxidized SP-B1_35 is found from the CID experiment
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2
M: IQAMIPK (18-24) + 10 MS™
positive ions
64
1002
&b b +10-64
b+ 10 : bs*10 l
T +H)
0 } - 4.1 'l hl - y .(.‘Nl ) ; .
400 600 800 1000

M: FPIPLPYCWLCR (1-12) +80 e
positive ions

100 - b Y,+80

50 —
PLPYCW
-28 + 60

Relative Intensity

0 -
400 800 1200 1600 2000
M: FPIPLPYCWLCR (1-12) +80 negative ions
100 - € A b, +80
PYCWL e
-l -28+60 yto+_80 2~ (M-H)
PLPYC! 50 %80 y 180] L
+30 J B
0 1.|..| T SOTTI T (W | I |<.1|llnh a.LhL
LI I LI I | 1
400 800 1200 1600 2000
mfz

Fig. 8.8 (a) The CID spectrum of cationic IQAMIPK + 30 at m/z 817 from the tryptic digest of
the oxidized SP-B|_35. (b) The CID of cationic FPIPLPYCWLCR + 80 at m/z 1,636 from the
tryptic digest of the oxidized SP-B_»5. (¢) The CID of anionic FPIPLPYCWLCR + 80 at m/z
1,634 from the tryptic digest of the oxidized SP-B|_»5

involving the quadruply charged SP-B_»5 product from the bulk-phase O3 reaction
(Fig. 8.9a). For example, the paired fragments of y»9-CH4SO and y;o fragments,
which are observed at m/z 782 and m/z 803 (triply charged) and at m/z 1172 and
m/z 1204 (doubly charged), confirm the presence of MetSO (Fig. 8.9a). Interesting
CID fragments are also observed in the ESI-MS? spectrum. The singly charged frag-
ment at m/z 680, m/z 832, and m/z 938 are WLCRA + 30, LPYCWLCRALIKR +
30 and PLPYCWLCRALIKRI + 30, respectively. These fragments are evidence
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Fig. 8.9 ESI-MS? of triply oxygenated products of quadruply protonated SP-B;_»5 from (a) bulk-
phase O3 application, and from (b) the Fenton reaction. M denotes a parent ion, which is triply
oxygenated SP-Bj_»5

of the formation of HNFKyn through the oxidation of Trpg from the bulk-phase
O3 reaction. This is further supported by the singly charged fragment at m/z 652,
QAMIPK-NH3, which indicates that no oxidation has occurred at Met,;. The ESI-
MS? spectrum of the triply oxygenated SP-B;_»s by bulk-phase O3 reaction implies
the presence of two products, one with NFKyn (4 20) and MetSO (+ 10), and
the other with HNFKyn (+ 30). The CID fragment abundance implies that the
bulk-phase O3 reaction with SP-B1_»s yields more product peptides with HNFKyn
compared to product peptides with NFKyn and MetSO. The ESI-MS? spectrum of
SP-Bj_»5 product from the Fenton reaction is shown in Fig. 8.9b. The CID of the
Fenton product exhibits the presence of HNFKyn at m/z 652, m/z 680, and m/z 938,
which corresponds to the singly charged fragments QAMIPK-NH3, WLCRA + 30,
and PLPYCWLCRALIKRI + 30, respectively. However, evidence for the forma-
tion of the product with NFKyn and MetSO is not found in the spectrum.
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