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Abstract
X-ray Absorption Spectroscopy of Biologically Relevant Systems
by

Janel Sunayo Uejio

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor Richard J. Saykally, Chair

The relationship of biologically relevant molecules to their aqueous environment remains
an active area of current research. In this dissertation, I present research biologically relevant
molecules in an aqueous environment using X-ray spectroscopy and accompanying calculations.

Chapter 1 is a more thorough introduction to the topic of near edge X-ray absorption fine
structure (NEXAFS) spectroscopy with stress on the experimental set up used, and
computational methods. Additionally, in Chapter 1 there is a more detailed outline on the topics
in subsequent chapters.

Chapters 2 and 3 detail an examination of the model system of carboxylate (CH;COO")
with a variety of metals. These studies were to examine the preferential ion pairing of different
cations by NEXAFS. In chapter 2, I investigate the interactions of carboxylate with the
monovalent cations lithium, sodium, and potassium; chapter 3, is an examination of the strength
of interactions of carboxylate with the following divalent cations: magnesium, calcium,
strontium, copper, manganese, and zinc.

During the course of my graduate work, the need for improved computational results
became apparent. The development of the current technique employed within my research group
is detailed within Chapter 4 using prototypical gas phase molecules as example systems.

In chapter 5, I compare both experimental and computational results of a monopeptide,
alanine, compared to one of its synthetic analogues, a monopeptoid, sarcosine. These results
compare the spectral importance of hydration versus conformation, in addition to conclusions
concerning the spectral impact of microhydration versus bulk hydration.

I present preliminary results for other biological molecules in Chapter 6. The molecules
studied are the amino acids arginine and valine, and the RNA nucleobases uracil and cytosine,
and their respective nucleosides, uridine and cytidine. The chapter includes both preliminary
experimental and theoretical spectra.

In Chapter 7, I look to the future with a brief discussion of improvements and advice to
future coworkers.
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Chapter 1.
Introduction and Overview

Water has been important for a very long time,' and as essentially all biological systems
are aqueous, understanding the nature of an aqueous environment is vital. Hydration impacts the
conformer populations for biomolecules,” the stability of different charge states,’ and reactivity.*
The work described in this thesis attempts to characterize several biologically relevant aqueous
systems using X-ray absorption spectroscopy with a chapter detailing the development of a new
theoretical approach that has greatly enhanced the quality of the chemical information that can be
extracted.

1.1 Experimental Aspects

The primary experimental technique employed was near edge X-ray absorption fine
structure (NEXAFS) spectroscopy. This is a core-level technique, an incident X-ray excites a
core level electron on an atom to anti-bonding molecular orbitals or low-lying Rydberg states.’
In studying biological molecules, most studies yielded information on the nitrogen K-edge
(promotion from the 1s orbital refers to the K-edge), oxygen K-edge, and carbon K-edge. The
lowest unoccupied molecular orbitals are centered primarily on the molecule itself, and provide
information concerning structural aspects such as conformation.’ High-energy anti-bonding
molecular orbitals, and Rydberg states have large spatial extents, and accordingly, environmental
changes impact the energy and strength of transitions, such as for hydrogen bonding networks.”

The experiments were performed at the Advanced Light Source, beamline 8.0.1. This
beamline provided an intense flux, on the order of 10" photons/sec, and resolution of E/AE 8000.
Also this beamline permitted us to operate without windows; windows are usually prepared out
of silica nitride and reduce the flux on the edges of interest.

NEXAFS is primarily a vacuum technique, as the energies required for studying low Z
elements such as carbon, nitrogen, and oxygen are absorbed in air. To study liquids in a vacuum
setting, a liquid microjet is used.® The microjet nozzle is a piece of fused silica capillary with an
inner diameter of 30 um. The liquid sample typically flows at 50 m/s, this number varying with
the backing pressure from the Teledyne Isco syringe pump. As the syringe pump is at room
temperature, according to multiple techniques and modeling the temperature of the liquid jet is
approximately 15-20°C.”"! Using a liquid microjet permits not only vacuum studies on a liquid
sample, but as the sample constantly refreshes, it avoids the problem of sample damage caused
by the incident X-ray beam."

The chamber itself (Figure 1) is primarily constructed of stainless steel. The jet is placed
through an XYZ manipulator on the right of the schematic and flows from right to left. In the
main chamber, there is a liquid nitrogen (abbreviated LN,) trap and a large throughput
turbopump (Leybold 1000 L/s) to maintain base pressures of 10 Torr or lower. The jet is
subsequently skimmed and condensed on a cryogenic trap connected to a molecular drag rough
pump. Before entering the main chamber, the X-rays pass through the differential pump section,
which comprises two Kimball cubes, three small 70 L/s Varian turbopumps, and two pinhole
apertures to limit backflow pressures from the main chambers. The X-rays would travel out of
the page in the diagram provided. The incident X-ray beam intersects the liquid microjet, and
excites the electrons from atoms of interest. From the excitation, both primary and secondary
electrons (such as those from Auger effects, and ionization) are produced; these electrons are
collected by a positively biased copper electrode. As the energy is scanned the signal is
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collected, creating a spectrum of intensity versus energy. Signal from the incident beam on a
gold mesh positioned farther up the beamline is collected and used for normalization to account
for any beamline fluctuations. For a more thorough description of the construction, please
consult Wilson et al.’s work in the Review of Scientific Instruments."!

Figure 1. The upper left shows a picture of the experimental design. Below and to the right is
a simple schematic of the chamber. The jet would flow from the right to the left, and the X-ray
beam would travel out of the page. The differential pump section is not shown.

1.2 Theoretical Background

NEXAFS spectra are convoluted by the inherent broadening of the technique, the
hydrated environment, and conformational changes.s’ B To decipher the experimental spectra
and extract chemical insights, comparisons with theoretical calculations are made. During the
course of this thesis work, two methods were used, the first being StoBe deMon, and the second
being the excited core hole (XCH) method. Notably, both use the formalism of density
functional theory (DFT) using the dipole operator with Fermi’s Golden rule:

27

P,.f=7l<fll7li>lzpf(E) (1)

Equation 1 is a simple form of Fermi’s Golden Rule wherein the probability is expressed in
terms of constants, the magnitude of overlap between the states (within the bra-ket notation), and
the density of final states (py).



StoBe deMon

StoBe was developed and is maintained by Lars Pettersson and Klaus Hermann, from
Stockholm and Berlin, respectively.14 The method is a self-consistent field (SCF) DFT method,
and is relatively straight forward to use and can be run on an average personal computer at this
time, requiring limited computational resources from the user. The code is based on the use of
Slater’s transition potential, also known as the transition state method,s’ 15 and has two basic
approximations. The first approximation is that only the transition state needs to be calculated
(not the initial state nor any of the final states) and the interactions of the excited electron and the
static electrons are ignored.15 The other approximation is the treatment of the X-ray induced
core-hole. Using the transition state method, transitions fall into two categories: above or below
the ionization potential. For transitions to final states below the ionization potential, the electron
is deemed long-lived and relatively localized to the target molecule, allowing for some degree of
relaxation. Whereas, for transitions to final states above the ionization potential they are
considered “sudden,” with relatively little time for relaxation, or changes to the energetics of the
system; thus, the binding energy of which can be described by Koopman’s theorem.'® To
accommodate the range of relaxation times, the usage of non-integral occupation values for
electrons are used, such that a half occupied core-hole (HCH) approximates all transitions and is
the second large approximation used in StoBe.

Additionally, StoBe is a cluster code, and produces very distinct surface states at the edge
of clusters. The existence of surface bound states is exacerbated by the use of a Gaussian basis
set; the excited atom is modeled using the IGLO basis set.'” An aspect of StoBe which has
garnered criticism, " '* ¥ is that a linearly increasing broadening scheme is used. It is the users’
arbitrary choice as to width of the broadening and how much it should increase over a spectrum,
allowing for a large degree of fitting. This is shown schematically in Figure 2

A
Energy

Figure 2. A diagram of the broadening used in StoBe. The x-, and y- coordinates of A and B
are chosen arbitrarily by the user.

Broadening

For a more detailed discussion of StoBe and its usage, please consult Benjamin Messer’s
thesis,20 and the StoBe manual.'*

Excited State Core Hole (XCH) Method

The excited state core hole technique was developed primarily by Dr. David Prendergast,
et al..”"* The method employs DFT, using an SCF calculation to model the electronic structure
of the lowest-energy core-level excited state with a full core hole (as opposed to the HCH used in
StoBe) with explicit inclusion of the excited electron. Norm-conserving pseudopotentials are
used to model the atoms in the system,”' though some work has now been tested using ultra-soft
pseudopotentials, as a means for reducing computational cost.”> The calculations are performed



using a plane wave basis set with periodic boundary conditions; by employing these conditions
with Brillouin zone sampling, accurate calculations of the density and the spatial extent of
continuum states can be reached.”” The electronic structure calculation is performed using
PWSCF,** which uses the open-source quantum Espresso package. The transition amplitudes are
then calculated within the dipole and single particle approximation. Since all of the systems of
study in this thesis are isotropic, the polarization directions are averaged together. Due to more
accurate sampling of continuum states, a homogenous broadening is used for the computational
spectra produced by XCH.

Unfortunately, the calculations require large amounts of CPU time; in order to have
convergence for a single set of coordinates with over 100 atoms, it can take up to 700
computational hours on Franklin, a super computing cluster maintained by the National Energy
Research Scientific Computing Center (NERSC).

In this section, there has been no discussion of input coordinates for either computational
method. The importance of reasonable input coordinates and sampling techniques with a
compallgigg)n of the two methods are discussed later in Chapter 4, and previously published
work. ™

1.3 Thesis Overview

A brief overview of the subsequent chapters is provided here, thus giving context to each
chapter, as well as highlighting its role experimentally and theoretically.

Chapter 2 is based on previously published work,”® and describes a new approach for
characterizing selective binding between oppositely charged ionic functional groups. NEXAFS
spectra measured for aqueous formate and acetate solutions containing lithium, sodium, and
potassium cations reveal stronger binding of the lighter metals, supporting recent results from
molecular dynamics simulations and other experiments.* These results are in accord with the
“Law of Matching Water Affinities,” proposed by K.D. Collins relating relative hydration
strengths of ions to their respective tendencies to form contact ion pairs.27’ 28

Looking beyond the “Law of Matching Water Affinities,” a preliminary examination of
divalent cations with carboxylate is detailed in Chapter 3. A variety of divalent metals were
examined, some with biological relevance, along with others to complete periodic trends,
including: calcium, strontium, magnesium, copper, manganese and zinc. The metals did not
follow predicted trends based on hydration energy or size arguments; current theoretical
approaches are hampered by a lack of accurate potentials for all the metals cations under study,
thus precluding a current complete theoretical analysis.

The development of the computational method, XCH, briefly described earlier in this
chapter is detailed more thoroughly in Chapter 4, which is based on previously published work in
Chemical Physics Letters."® A computational approach, XCH, is described in terms of previous
work on water'®?"?? and is validated through the prediction and interpretation of several gas
phase organic molecules, sampling a range of chemical bonding and structural motifs. The
chapter details the importance of appropriate sampling by proving that the use of lowest energy
structures within the rigid molecule approximation is inadequate, and agreement with experiment
is significantly improved upon approximating vibrational motions with molecular dynamics
sampling. Additionally, assignment of spectral features, and general agreement with experiment
is shown to improve with the new methodology.

Chapter 5 is a discussion of the application of XCH to the aqueous interactions of
peptides and their synthetic analogues called peptoids (poly-N-substituted glycines) and is based
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on a recently published paper in the Journal of Physical Chemistry B. 13 Peptoids have recently
emerged as a promising biomimetic material, particularly due to their robust secondary structure
and resistance to denaturation. By employing XCH, and comparing it to experimental NEXAFS
spectra of aqueous sarcosine, the simplest peptoid, and alanine, its peptide isomer, insights were
gathered about the relative impact of hydration on these systems. Importantly, a predicted
solvent dependence for alanine, as compared to sarcosine is examined in the light of
experimental results and a variety of theoretical calculations.

Chapter 6 is a discussion of preliminary data for small biological molecules. This work
was performed earlier than that discussed in Chapters 3-5, thus it employs the older
computational method of StoBe deMon'* for calculations. Two amino acids are examined,
arginine and valine, under different charge conditions imposed by changing the pH. Two
nucleobases, uracil and cytosine, are examined with their nucleoside counterparts (nucleobase
and sugar) uridine and cytidine, respectively. Experimental results and preliminary theoretical
calculations are discussed in terms of their strengths and weaknesses.

In Chapter 7, I include suggestions for future work, these include: minor upgrades to
current experimental equipment, possible future systems of study, and lastly, I leave a bit of
advice for any interested current or feature colleagues.
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Chapter 2.
Characterization of Selective Binding of Alkali Cations with Carboxylate by
X-Ray Absorption Spectroscopy of Liquid Microjets

2.1 Introduction

The discovery of the selective interactions between simple ions and proteins dates back
over a century to Hofmeister’s studies with chicken egg protein; proteins could be selectively
“salted in” or “salted out” by addition of various salts to the solution." This “Hofmeister effect”
has subsequently been observed with more salts and many more proteins, with relative
magnitudes following the “Hofmeister series” ordering, as do various related phenomena.”
Nevertheless, it remains to understand the origin of “Hofmeister effects,” despite enormous
effort.

To rationalize biological ion specificity, such as the physiologically important
preferential binding of sodium versus potassium with proteins, the “Law of Matching Water
Affinities” was proposed by Collins.>’ Based on charge densities and electrostatic arguments,
this law holds that ions with similar hydration free energies form the most stable (insoluble)
contact ion pairs. In the case of proteins, the carboxylate group is considered to have a hydration
energy much closer to that of sodium than to that of potassium, which is manifested in the
sodium binding free energy being larger by 2.22 kcal/mol, as determined by Vrbka et al.® via
simulations and conductivity measurements. The simulations indicated that the interaction is
localized on the carboxylate groups of the protein. Conductivity measurements were performed
on protein solutions for experimental support, revealing a larger relative decrease upon addition
of sodium chloride compared to potassium chloride, indicative of sodium being more efficiently
removed from solution than potassium. The rationalization of the preferential interaction was
again that there was a closer match of hydration energy, which was reflected in more stable
contact ion pairing between the protein carboxylate groups and sodium, versus potassium ions.

In this chapter, I examine the selective interactions of alkali cations with the carboxylate
groups of the model carboxylate anions formate and acetate, using novel liquid microjet
technology to introduce the aqueous solutions into a soft X-ray spectroscopy experiments and
finding strong support for the above conclusions reached by Vrbka, et al..® The carboxylate K-
shell spectra comprise transitions from the atomic 1s core levels to w*carbonyl antibonding
orbitals, the latter shifting to higher energies in response to stronger interaction with the cation.
This experiment thus provides a direct probe of such cation-anion interactions in aqueous
systems, which are difficult to access by other methods, e.g. mass spectroscopy. Similar
experiments, but with quasi-static liquid cells, were recently reported for NaCl solutions by Aziz
et al.,’ wherein X-ray “spectral fingerprints” of contact ion pairs were found. However, their
approach is not likely to work with complicated solutes, as in the present study, due to the usage
of a windowed coupling; the SizN, used would absorb in the biologically relevant energy ranges
and drastically reduce photon flux.
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2.2 Materials and Methods
Samples:

All samples were purchased from Sigma-Aldrich in a crystalline powder forms at a stated
purity of 98% or higher and used without further purification. Solutions were prepared with 18
MQ (Millipore) water to compose a solution of 2.0 M.



Experimental Details:

The NEXAFS spectra were obtained on the relevant edges at Beamline 8.0.1 of the
Advanced Light Source (ALS), at Lawrence Berkeley National Lab. Carbon K-edge and oxygen
K-edge spectra were collected both from the liquid jet as well as from the gas phase background.
Detailed carbon spectra were obtained in the range of 285-289 eV, and were subsequently
calibrated to HOPG peaks previously recorded by beamline scientists. A gold mesh was used to
collect I, farther up the beamline, which was used to account for intensity fluctuations. The
spectra were subsequently area normalized.

The experimental apparatus comprises: a main chamber where the X-ray beam intersects
with the microjet stream, a section for trapping the microjet with a skimmer to reduce pressures,
and a differential pump section to allow for a windowless coupling to the beamline. The
measurements in this chapter were obtained using a chopped fused silica microjet of 30 wm
attached to an HPLC pump with an average flow rate of .9 mL/min. The signal was collected by
total electron yield (TEY) with a biased copper electrode of 1.8 kV; the usage of TEY has been
shown to be a bulk technique due to the larger escape depths of electrons.'® A more detailed
description of the experimental apparatus has been previously published by Wilson et al..!!

The formate carbon K-edge spectra were smoothed due to a low signal to noise. The data
was treated with a five point second order Savitzky- Golay smoothing scheme;'? it was empirical
verified that this did not broaden rather reduced the noise in the signal.

Computational Details:

StoBe DeMon, " a density functional theory based commercial package, for computing
core-level spectra, was used to aid interpretation of the experimental spectra. The functionals
developed by Perdew, Berke and Erzenhoff ' were used in addition to the revised exchange
functional of Hammer, Hansen and Norkov."> The atom of interest was modeled using the
IGLO basis set,'® the remaining non-hydrogen atoms were replaced with model core potentials
provided in the program.”® The design of the calculation gives the energetic isolation of the 1s
orbital of interest, which is then partially excited by replacing its electron with a half core hole.
The use of a half core hole is a result of the sudden approximation, which has been shown when
used in conjunction with the transition potential method to approximate the relaxation of the
molecule under the influence of the core hole.'™ ' '® A stick spectrum is produced and then
uniformly broadened with Gaussians of width .5 eV. The spectra are not globally shifted, as
would be the normal procedure to compare with experimental spectra, so absolute transition
values between theory and experiment cannot be compared; the magnitude of the shifts between
theory and experiment are instead compared. StoBe has been shown to reproduce relative shifts
well; errors of note have been found in the relative intensities rather than the relative energies.19

Kohn-Sham corrections were calculated for the acetate gas phase system by calculating
both the ground state and the excited state.”’ These were found not to affect the relative shift
between the potassium and sodium acetate systems; accordingly, these effects are not included in
the figures given in this chapter.

The structures noted as gas phase systems were taken after geometry optimization; for the
solvated systems, molecular dynamics were performed to provide snapshots for subsequent
calculations. An initial geometry of a single ion pair was built using a commercial software
package, MacroModel from Schrodinger Inc., and was subsequently placed in an 18.62 A cube
with over 200 water molecules and employing periodic boundary conditions. A molecular
dynamics calculation was performed at 298K for 20 nanoseconds. From the molecular dynamics
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trajectories, snapshots were taken over 70 picoseconds apart as to assure that the snapshots were
uncorrelated. These snapshots were subsequently “ice cream scooped” to include the system of
interest and the 20 closest waters, due to the need for a manageable sized cluster for the core
level calculations.

StoBe is a cluster code and thus does not have the ability to use periodic boundary
conditions. Thus, in a solvated system it is important to note these calculations are a guideline
and a tool to help interpretations as opposed to a comprehensive predictive tool.

2.3 Results

Several carboxylate salts were examined in order to study the trend of preferential
interactions between alkali metal cations and carboxylate ions using the technique of near edge
X-ray absorption fine structure (NEXAFS) spectroscopy, introducing the liquid solutions into the
high vacuum X-ray experiment with a liquid microjet system. This novel approach, in
conjunction with theory, has recently been used to reveal subtle conformational and geometric
interactions in aqueous systems, comprising both biological molecules and ionic solutions.?" %
Important for the current study, the rapid sample flow (ca. 50 m/s) minimizes X-ray photo
damage, which has been found to be severe .

Simple carboxylate salts were employed due to their straightforward structure, high
solubility, and easily distinguished 1s — n*c-o feature. Formic acid and acetic acid are the
simplest organic acids, minimizing possible alkane chain effects. Additionally, both formate and
acetate anions have shown preferential interactions with sodium versus potassium in previous
experimental and theoretical studies.® The current experimental study was expanded to include
the lithium ion as an additional test of the “Law of Matching Water Affinities,” although
technical difficulties were encountered with the associated supporting calculations.

An overlay of the NEXAFS spectra of the three different aqueous acetate solutions is
shown in Figure 1. This figure is an expansion of the carbon K-edge spectra displaying the peak
that is the result of the 1s electron being promoted to the antibonding 7 orbital.”> There are small
features on the high-energy edge of each of the peaks, most likely due to associated vibrational
states of the carbonyl group. It was not possible to compare the 6* region, above 290 eV, of the
respective spectra due to potassium having transitions which obscure the underlying features at
that energy range. Between each of the scans on the overlay, there is a spacing of about .05 eV
on the leading edge of the feature; the largest blue shift is found in the comparison of lithium to
the other two cations, noting that lithium has an ionic radius of 90 pm, compared with those of
sodium and potassium, 116 and 152 pm, respectively.26
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Figure 1. An overlay of the experimental T* feature in the K-shell spectrum of the acetate
anion for 2 M solutions of potassium acetate, sodium acetate, and lithium acetate revealing
distinct shifts between the cations, indicative of preferential interactions.

The carbon K-edges of formate complexes exhibit a marked shift between lithium and the
other two cations, as evident in Figure 2; lithium exhibits a blue shift of approximately 0.2 eV.
However, in these scans, there is no discernable shift between the potassium and sodium
complexes; hence, preferential interactions are difficult to assess in this case. The difference in
sizes between the formate and the acetate anions affects their hydration and electrostatic
properties in terms of the “Law of Matching Water Affinities,” thus determining the strength of
the cation- anion interaction and the resulting shifts in their K-shell spectra.
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Figure 2. An overlay of the experimental carbon K-edge spectra of lithium formate, sodium
formate, and potassium formate. The sodium and potassium spectra are nearly
indistinguishable, whereas lithium is distinctly blue shifted. Clearly, the observed shifts
between sodium and potassium formate are smaller than those found for acetate.

Using previously calculated radial distribution functions® as a guideline for approximate
equilibrium distances (2.5 A° and 2.9 A°, respectively), structures were optimized for the acetate
and formate complexes of both sodium and potassium. Unfortunately, the StoBe deMon
software, 3 the program used for the NEXAFS calculations, does not include an effective core
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potential basis set for lithium. Calculations performed without this potential exhibited Mulliken
populations that did not accurately reflect the charges of the system of interest, and thus could
not produce comparable energy values, although they did reproduce the general shape of the
spectra. This behavior was discovered for sodium, when comparing results with and without an
effective core potential; the Mulliken population did not correspond with the charges of the
system and it produced differences in calculated spectra. This is important in the current study,
considering the small shifts, whereas such a treatment is quite suitable for systems where these
small shifts are inconsequential. The usage of Dolg pseudopotentials was also attempted and
found did not accurately reflect the experimental spectra due to errors in the magnitude of the
interaction of the carboxylate with lithium; this is logical due to notoriously difficult nature of
lithium, and the errors that are found in its total valence correlation energy.27 Figure 3 shows an
expanded view of the m*c_¢ feature from the calculation of the carbon K-edge of the isolated
acetate ion pair with both potassium and sodium. The size of the relative spectral shift, (< 0.1
eV) is an expected result due to the different inter-ion distances of complexes with the respective
cations. It should be noted that a calculation was done to verify that even when choosing equal
distances, sodium transitions were blue shifted with respect to those of potassium.
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Figure 3. Theoretical calculations of the isolated ion pairs of acetate with alkali cations,
produced with StoBe.'® The magnitude of the spectral shift is ca. 0.07 eV between sodium and
potassium. Lithium was not calculated due to a lack of core potential basis sets.

As mentioned above, the magnitude of the experimental K-shell shifts differed between
formate and acetate; this is confirmed by our theoretical calculations, and reflects the
corresponding ion binding energies. Such differences in the strengths of the interactions for
formate and acetate were also found in other studies.® Shown in Figure 4 are the StoBe results
for isolated formate ion pairs with sodium and potassium. The two spectra are very similar, but
display a reversal of the shifts found for acetate. The magnitude of this small theoretical shift is
beyond the precision of the current experiment (ca. 0.005 eV), but both the experimental and
theoretical formate spectra clearly display smaller shifts than do the corresponding acetate
spectra.
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Figure 4. Computed spectrum for isolated ion pairs of formate with sodium and potassium.
The two are very similar, but show a slight reversal of the trend previously noted. Lithium was
not calculated due to a lack of core potential basis sets.

Figure 5 shows an enlarged section of theoretical spectra of hydrated acetate ion pairs,
computed using equilibrated molecular dynamics snapshots. At a higher computational cost, the
same result of a global shift between the sodium and potassium spectra was found. There is a
blurring of some of the higher energy ¢* features (not shown in the figure). The distances
between the cation and the acetate (sodium closer than potassium) vary among the different MD
snapshots and corresponding calculations, which does affect the magnitude of the spectral shift
from snapshot to snapshot. In previous results, there was a ca. 2 kcal/mol difference in the
association energy between the sodium and potassium acetate complexes;"® this would correspond
to a difference of about 0.08 eV, which is similar to the spectral shifts observed in the present
study.
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Figure 5. Calculated K-edge spectrum for hydrated ion pairs of acetate with sodium and
potassium. The coordinates were taken from molecular dynamics snapshots. The energy
range is slightly altered from previous calculations. The relative shift between the cations is

larger than 0.05 eV.

The form of aqueous acetate and formate ions, viz. protonated or deprotonated, is
governed by the acid/base equilibrium. Noting that pKy for acetate is 9.243 and for formate
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10.255, a pH of approximately 9.5 is obtained for the ca. 2 molar solutions used in this work,
implying that the deprotonated forms dominate, as they would at biological pH . All of the
solutions studied here were held at the same concentration. Therefore, I can discount variations
in the composition of the solutions as influencing the above results.

2.4 Discussion and Conclusions:

The relative interaction strengths of the monovalent cations of sodium, potassium, and
lithium with acetate and formate anions in aqueous solutions were examined using NEXAFS of
liquid microjets. An unambiguous difference between the effects of lithium and those of the two
other cations is evident on the carbon K-edge for both acetate and formate; a preferential
interaction of sodium versus potassium is evidenced by a small but reproducible relative blue-
shift in the carbonyl feature, reflecting a shift in the * orbital to higher energies. In the formate
system, the corresponding sodium/potassium spectral shifts were barely discernable. Calculated
K-shell spectra support the experimental findings, with a slight overestimation of the shifts, but
unambiguously matching the observed trends. At the pH used in these experiments, the
deprotonated forms of the anions are predominant, as they would be under biological conditions.
Future experiments will include extending the study to other alkali ions, examining relevant
divalent cations (Mg2+, Ca®"), as well as concentration and pH dependent studies. In any case,
the current results establish a new way of probing selective interactions of ions with biological
molecules in aqueous environments under relevant conditions, and provides support for the “Law
of Matching Water Affinities,” which invokes ion pairing to explain Hofmeister effects on
proteins.
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Chapter 3.
An X-ray Absorption Spectroscopy Investigation of the Interaction of
Divalent Cations with Carboxylates

3.1 Introduction

Over a century ago, Franz Hofmeister performed studies with chicken egg protein; he
found that the solubility of the proteins could be increased or decreased by the addition of
various salts to the solution.' The “Hofmeister effect”” has been observed with a variety of salts
and proteins, following the pattern of the “Hofmeister series;” this phenomenon has been related
to other biological effects.”* Nevertheless, the Hofmeister series remains incompletely
understood despite enormous effort.*

Recently, the “Law of Matching Water Affinities” was proposed by Collins;™” the law
is based on charge densities and electrostatic arguments, and states that ions with similar
hydration free energies form the most stable contact ion pairs. Previous work has examined the
carboxylate group and its interaction with sodium and potassium ions;*° the hydration energy of
the carboxylate is closer to that of sodium than to that of potassium, thus a stronger interaction of
hydrated carboxylate with hydrated sodium is predicted. This was confirmed through near edge
X-ray absorption fine structure (NEXAFS) spectroscopy and theoretical calculations; a
preferential trend was found in interaction strengths, viz. Li">Na">K" with acetate, a model for
protein backbones.’

In this chapter, preliminary results on the preferential interactions of various divalent
cations with the carboxylate groups of the model system acetate are presented. Multivalent
cations are the next challenging step to Collins’ law, as there have been recent papers discussing
its failure to accurately predict trends when dealing with large molecular ions, or the
polarizability of multivalent ions.'® The cations under examination are both alkaline earth metals:
magnesium, calcium, and strontium, and transition metals: copper, manganese, and zinc; the
divalent cations examined allowed for an experimental study of periodic trends as well as the
inclusion of biologically relevant metals. A description of the data and the computational
impediments follows.

3.2 Materials and Methods
Samples:

All samples were purchased from Sigma-Aldrich in a crystalline powder forms at a stated
purity of 98% or higher and used without further purification. Solutions were prepared with 18
MQ (Millipore) water to compose a solution of 1.0 M of the salt (following the form of
M(CH3COOQ),), or 2.0 M of the acetate and 1.0 M of the metal ion.

Experimental Details:

The NEXAFS spectra were obtained on the relevant edges at Beamline 8.0.1 of the
Advanced Light Source (ALS), at Lawrence Berkeley National Lab. Carbon K-edge and oxygen
K-edge spectra were collected both from the liquid jet and from the gas phase background. The
carbon spectra were calibrated to HOPG peaks previously recorded by beamline scientists.
Water dominates the oxygen K-edge making accurate analysis difficult, and therefore not
included here. A gold mesh was used to collect I, farther up the beamline, which was used to
normalize for intensity fluctuations. The spectra were subsequently area normalized.
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The experimental apparatus primarily comprises: a main chamber where the X-ray beam
intersects with the microjet stream, additions for skimming and liquid nitrogen traps to reduce
the pressures produced by the jet, and a differential pumping section to produce low enough
pressures for windowless coupling to the beamline. The spectra were obtained using a chopped
fused silica microjet of 30 wm backed a syringe pump. The signal was collected as total electron
yield (TEY) with a biased copper electrode of 1.7 kV. A more detailed description of the
experimental apparatus has been previously published by Wilson et al.."!

The carbon K-edge spectra were smoothed due to a low signal to noise. The spectra
shown in figures is an average of multiple scans and subsequent treatment with a five point
second order Savitzky- Golay smoothing scheme;'? it was empirically verified that this did not
broaden the spectra.

Computational

The planned computational approach was to follow that of previous published work and
is detailed in Chapters 4 and 5;'> ' this involves the sampling through molecular dynamics
techniques14 and subsequent density functional calculations with PWSCF."> As NEXAFS is very
sensitive to changes in the immediate environment of the selected atom, reasonably correct MD
sampling is crucial for accurate theoretical calculations. In the past, AMBER'® had been used,
but this was found to give a poor representation of the polarizable metals and their interactions
with acetate, in particular for manganese and strontium. Below is a table of the first peak from
the radial distribution functions (RDF) of the model systems of MnCl, and SrCl, with the
experimental information from X-ray diffraction data.'” As is shown in the data, classical
molecular dynamics did not adequately describe the first peak, which represents the distances
between the metal (M) and the anion. In comparison, the Vienna ab initio simulation package
(VASP)'® " yielded improved agreement with the first peak of the RDF. Unfortunately, at the
time of writing, producing 100 uncorrelated molecular dynamics snapshots is difficult using ab
initio techniques. An approach which could be used in future situations for uncorrelated
snapshots for larger systems using ab initio techniques would be to take uncorrelated starting
structures and running 100 short molecular dynamics trajectories, as opposed to one larger one.

Strontium (SrCl2) Manganese (MnCly)
Experimental RDF 1st peak!7 2.64 2.21
AMBER (% error) 2.85 (8.0%) 2.42 (9.5%)
VASP (% error) 2.59 (1.9%) 2.24 (1.4%)

Table 1. A comparison between the classical molecular dynamics, AMBER, and the ab initio
molecular dynamics, VASP by examining agreement of the first peak in an experimental radial
distribution function.

3.3 Results and Discussion

In the course of studies of monovalent cations, a correlation was verified between the
hydration energy and the strength of the interaction.®® In the examination of the divalent cations,
the hydration energies were consulted, and are recorded in Table 2. The trends indicate strontium
as having the strongest affinity for the acetate, according to Collins’ predictions, as the hydration
energies are the most similar in magnitude. The alkaline metals will increase in preference down
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the column, whereas the ordering for the transition metals in preference should be manganese,
zinc, and then copper.

Group Hydration Energy (AH)

Magnesium (Mg?*) -1931 kJ/mol
Calcium (Ca?) -1584 kJ/mol
Strontium (Sr2+) -1452 kJ/mol
Manganese (Mn2*) -1856 kJ/mol
Copper (Cu?*) -2105 kJ/mol
Zinc (Zn?*) -2052 kJ/mol
Acetate (CH3COO) -423 kJ/mol

Table 2. A comparison of hydration energies for the given metals. The experimental values are
from Marcus’ book lon Solvation.20

In examining the 1s—nco™* feature from the acetate for the alkaline earth metals, there
appears to be no distinct trend for the strength of the interaction, as seen in Figure 1. Previous
work suggested that the magnitude of the blue shift of the transition would correlate with the
strength of the interaction’ yet no discernable shifts are evident. Size arguments have also been
made in the past,”' such that she smallest ions would have the strongest interaction, viz. the order
of preference would be Mg**>Ca**>Sr**, but neither does this trend fit the experimental data.
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Figure 1. The carbon K-edge 1* feature of the acetate of the alkaline metals, magnesium
(orange), calcium (pink), and strontium (green).

In examining the transition metals, the expected trend in interaction strength, and thus
blue shift, as stated before, would be manganese, copper, and then zinc. Figure 2 is a close-up on
the carbon K-edge of the n* feature of the carboxylate in acetate solutions. The trend does not
follow this prediction; instead the order Zn**< Mn**<Cu”*. A more distinct trend is evident for
the transition metals than for the alkaline earth metals. The order of the preference of the
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interaction may be different due to the number of waters that can complex with each of the
metals, the possibility of one or two acetates interacting directly with the metal, and the
polarizability of the water and the metals themselves.

3
25x10 — Copper
— Manganese
20 —7in¢

5

8 454

2

D

c

§ 10-

£
5-
O-memmwmm

2082 2884 2886 2888 2890 2802 2804 2896
Energy (eV)
Figure 2. The carbon K-edge 1* feature of the acetates of the transition metals, copper (blue),
manganese, (red) and zinc (gray).

In order to understand the exceptions to the predicted trends, it is important to have
information about the most common arrangements of the metals with water and acetate. This
requires accurate molecular dynamics sampling, which is beyond the scope of this thesis work. .
A further experimental study would be to examine concentration effects, in that an increase in
the acetate concentration may impact the number of anions directly associating with the cations,
shifting the average experimental spectrum.
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Chapter 4.
Effects of vibrational motion on core-level spectra of prototype organic
molecules

4.1 Introduction and Methods

When applied to molecular systems, core level spectroscopies are powerful probes of
both occupied and unoccupied electronic states, uniquely revealing intimate details of both intra-
and inter-molecular interactions." Methods involving X-ray absorption (XAS, NEXAFS,
XANES) or X-ray photo-electron spectroscopy (XPS) are increasingly being applied to complex
molecular systems, including nucleotides, peptides and large organic molecules.” However, a
major limitation of this technology is the fact that extraction of molecular information from these
experiments often depends explicitly on comparisons with theoretical calculations, which are
extremely challenging to perform at experimental accuracy. This chapter describes the extension
of a recently developed method for predicting core-level spectra of condensed phases3 to isolated
organic molecules -- pyrrole, s-triazine, pyrrolidine and glycine — which demonstrates qualitative
improvements over existing methods*® in comparison with experiment and provides new
insights into the origins of particular spectral features in terms of coupling of electronic and
vibrational degrees of freedom.

The challenges for simulating gas phase core-level spectra are maintaining accuracy in
the following areas: (1) description of the core-hole excited state; (2) representation of both
bound excitonic states below the ionization potential (IP) and resonance states in the continuum
above the IP; and (3) inclusion of vibrational effects, either due to experiments being performed
near room temperature, or from intrinsic zero-point motion.

Density functional theory (DFT)" ® has proved accurate in reproducing the excitation
energies associated with core-level spectra via total energy differences (so-called ASCF or
AKS).? Accordingly, the lowest energy core-level excited is modeled state self-consistently using
a full core-hole and excited electron (XCH).? This is particularly important for molecular
systems, where screening of the core-hole excitation is greatly enhanced by the presence of the
excited electron, which can be strongly bound to the core-hole in the lowest energy excited state.
In contrast, for non-molecular condensed phases, such as covalent and ionic crystalline solids,
the inherent dielectric screening of the valence charge density often dominates, and so, explicit
inclusion of the excited electron may prove insignificant in such cases.” The calculation uses the
PBE form of the generalized gradient approximation to the exchange-correlation potential.'’
Transition amplitudes are estimated in the single-particle and dipole approximations and
excitations to states above this first excited state are approximated using the unoccupied Kohn-
Sham eigenstates computed from the XCH self-consistent potential. This is in contrast to the
closely related full core hole (FCH) approximation,* > which ignores the excited electron, or
replaces it with a uniform background charge density, and the half core hole (HCH) alpproalch6
related to Slater's transition-state potential (TP).!' The HCH (or TP) approach has been applied
extensively to molecular and cluster models of materials using linear combinations of atomic
orbitals (LCAO) to describe the electronic structure. These have included applications to isolated
molecules,9 molecules on surfalces,12 and condensed phase molecular liquids.13 In our XCH
implementation,” norm-conserving pseudopotentials are used. Core-hole matrix elements with
valence electrons are calculated by reconstructing the core region of the pseudostates within an
atomic frozen core approximation. Other approaches often treat the core-excited atom at the all-
electron level, while using effective core potentials for the surrounding unexcited atoms.
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There are other approaches to modeling core-level excitations: The static exchange
approach (STEX) of Agren'* describes final state of the core-level excitation by freezing the
orbitals of the molecular ion and calculates their exchange interaction with the excited electron;
The multiple scattering approach of Ankudinov and Rehr'” has been used extensively to examine
the X-ray absorption of compounds at the edges of (typically) heavier elements using real-space
cluster models;'® accurate solutions to the Bethe-Salpeter equation have been used effectively by
Shirley'” in the context of core-level spectra of crystalline solids.

The XCH approach is applied within periodic boundary conditions using a plane-wave
basis, enabling uniform convergence in accuracy for representing both localized and delocalized
states. In contrast, LCAO approaches have difficulty in describing delocalized states,
particularly those appearing above the IP in core-level spectra of isolated molecules. This has
been mitigated in the past using Stieltjes imaging techniques'® or some ad hoc numerical
broadening. However, in our approach, the use of plane-waves to represent electronic states of
isolated molecules engenders a significant computational cost. Spurious interactions between
periodic images must be reduced by increasing the size of the supercell, which, in turn, increases
the size of the basis and the density of electronic states to be determined at energies above the
ionization potential. Our compromise is to use supercells large enough to represent the excited
states below the IP, close to the absorption onset. Then full advantage of the periodic boundary
conditions is taken to approximate the high energy continuous electronic density of states by
numerically converging an integration over the first Brillouin zone (BZ). This will have no
impact on bound states localized fully within the supercell. However, for states which span the
supercell, an accurate determination of the electronic density of states can be achieved by BZ
sampling.'® Such delocalized states should be close analogues of free electron states scattered
from the molecule. The weakness of this approach is in describing bound states below the IP
having a spatial extent larger than the supercell, but increasing the size of our supercells
mitigates this effect.

For each of the molecules studied in this work supercell volumes of (20)° A’ and a plane-
wave kinetic energy cut-off of 85 Ry were used. In all cases, approximately 100 Kohn-Sham
eigenstates are used in constructing transition matrix elements. This is only sufficient to extend
our spectra approximately 3 eV above the estimated IP. To reduce the significant computational
cost of a numerically converged BZ sampling, a recently implemented interpolation scheme
(based on an approach by Shirley®) is exploited that requires only the electronic states at the
zone center as input. Furthermore, this scheme also increases the number of electronic states
beyond the ~ 3 eV limit. The accuracy of these states is not guaranteed (see fixed-nuclei spectra
in Figure 1), but finite-temperature sampling improves the agreement with experiment. The
zone-center electronic structure is calculated using the PWSCF code.”!

Typically, core-level spectra of isolated molecules are simulated within the fixed-nuclei
approximation, particularly for molecules in their vibrational ground state under the experimental
conditions. A candidate (lowest energy) structure is chosen and the electronic structure is
calculated while modeling the atomic nuclei as fixed point charges, located at the mean of the
nuclear distribution or, more commonly, at an energy minimum derived from an formalism
which models the electrons as quantum particles and the nuclei as classical point charges.
Usually, the core-excitation transition amplitudes are estimated without the impact of nuclear
dynamics on the electronic subsystem. Often finite temperature effects are approximated by
increased numerical broadening of calculated spectral peaks. More detailed approaches calculate
Franck-Condon factors based on a vibrational eigenmode analysis in the ground and excited
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states. These factors are used to modulate a single electronic transition and help to reproduce
asymmetric lineshapes associated with accompanying transitions to excited vibrational

modes.” *** However, the Franck-Condon approximation ignores the impact of nuclear motion
on the electronic transition amplitude. To first order, this impact is referred to as the Herzberg-
Teller effect.”

In this chapter, I attempt to include the impact of nuclear motion on core-level excited
electronic states and transition amplitudes. The nuclear degrees of freedom in these molecules
are modeled using classical molecular dynamics (MD) performed at 300 K using a Langevin
thermostat. I used AMBER 9 with the generalized AMBER force field and Antechamber.”*
The resulting distribution of nuclear coordinates is sampled at regular intervals, spaced at least
10 ps apart to reduce correlation between nuclear snapshots, for at least 100 snapshots. For the
small molecules studied here, the molecular dynamics calculations represent an insignificant
computational overhead with respect to the 100 or more plane-wave electronic structure
calculations required to simulate the core-level spectra. For larger systems, or for first principles
molecular dynamics sampling, such long trajectories may not be computationally tractable. In
this case, Monte Carlo sampling may prove more efficient in sampling accessible molecular
configurations, but it was not used in this work. I recognize that for each of these molecules,
some (or all) of the vibrational eigenmodes (estimated using DFT calculations in good agreement
with experiment), are in their quantum ground states at room temperature and will exhibit
systematically different spatial distributions from the classical model. The use of a Langevin
thermostat leads to distributions of nuclear coordinates which resemble quantum distributions
(they are not peaked at the classical turning points), although their mean-square displacements
are typically underestimated. Nevertheless, using the computationally inexpensive uncorrelated
sampling approach, significant improvements in experimental agreement are possible over using
only the vibrationless mean nuclear positions of the fixed-nuclei approximation. For molecules
occupying their vibrational ground states at experimental temperatures, this improved agreement
is an indicator that features missing from the fixed-nuclei spectra, appear in experiment due to
zero-point vibronic coupling effects, which might be well-reproduced by the Herzberg-Teller
approximation. Evidence for Herzberg-Teller effects is seen in the spectra of s-triazine and
glycine and future work will address these in more detail.

The approach of sampling molecular dynamics trajectories has been applied already in
simulating core-level spectra of molecular clusters and liquids, particularly for photoelectron
spectroscopy,27’ 28 X-ray absorption spectroscopy,3 and X-ray emission spectroscopy,13 where
distinct changes have been observed based on configurational changes. For molecules with
multiple low-energy conformations or significant anharmonicity, the molecular dynamics
approach has clear advantages over vibrational eigenmode analysis. Calculation of eigenmodes is
only possible about a minimum in the potential energy surface and for more complex systems
there can be many such minima. This is seen for the case of glycine, shown below. All
calculated spectra are numerically broadened using Gaussians of 0.2 eV full width at half
maximum (FWHM). Previous simulations have used larger and nonuniform numerical
broadening in order to simultaneously approximate electronic and vibronic coupling. For
example, in Ref. 9 a 0.3 eV FWHM broadening was used below the IP, and this was linearly
increased to 4.5 eV for the next 30 eV and then held constant. (In the same work a smaller
broadening of 0.15 eV is used when discussing vibronic effects.) In contrast, a relatively small
and uniform broadening was used with the aim of simulating and distinguishing electronic and
vibrational effects explicitly; thereby arriving at a predictive computational approach.

22



>

| = MD with Error
—-= Fixed Nuclei
12
S 104 j
S HCH LCAO i b
£ B
2 y\
g 67
€ ISEELS )
NS S
2-
XCH
0% |
B 400 405
14x10° -
12
S 104
S,
z 8
‘B
S 61
S
4_
2_
0
8x10°
-~ |
3 ] HCHLCAO ) .
:; M M‘ v
‘B
& * 12
€ ISEELS 3
=
@
=
2
k9] ISEELS NEXAFS
s 5
1._
0 St - oal - . - N e
400 405 410 415

Energy (eV)
Figure 1. Comparison of gas phase experimental and calculated core-level spectra of (A)
pyrrole, (B) s-triazine, (C) pyrrolidine, and (D) glycine. NEXAFS (solid blue) and ISEELS
(dash-dot orange) data are from previous experiments (see text) except for pyrrole NEXAFS.
Calculated spectra using HCH LCAO (top) and XCH (bottom) are compared with (solid black)
and without vibrations (dash-dot red), with standard deviations indicated by gray shading.
Vertical lines indicate measured or calculated IP positions.
Figure 1 provides comparison between measured core-level spectra from NEXAFS and
inner-shell electron energy loss (ISEELS) and calculated spectra using the HCH LCAO and

23



XCH approaches both with and without sampling of nuclear degrees of freedom. All calculated
spectra are aligned by their IP estimates. An observable systematic contraction of XCH spectra
along the energy axis is seen, consistent with previous work.> > The HCH LCAO calculations
were performed with a commercially available package, StoBe deMon.*® The excited nitrogen of
interest was modeled using the IGLO-III basis set,”! the hydrogens were modeled with a diffuse
basis set and the remaining non-hydrogen atoms were modeled with double zeta valence plus
polarization basis sets included in the StoBe deMon package. The same PBE functional was used
in both XCH and HCH calculations. I found that using larger basis sets and functionals led to
only minor spectral changes in HCH calculations.

4.2 Results and Discussion
Pyrrole

Found in biological systems (Fig. 1(a)), this molecule has an aromatic rigid ring structure
and occupies its vibrational ground state at the experimental temperature. The NEXAFS
experimental data were collected using total electron yield at beamline 8.0.1 at the Advanced
Light Source, using prior methods® and the ISEELS was previously taken.”” Peaks 1 and 2 are
reproduced well by XCH without vibrations, but with an incorrect peak height ratio. HCH LCAO
calculations produce a spurious peak after the first main peak and the second peak is too intense
compared to experiment. Previous experiment has identified a shape resonance,”* labeled 3 here,
which has some oscillator strength above the decay that occurs well above the ionization
potential; some features are apparent there, but nothing definitive emerges from either
calculation.

Averaging 100 MD snapshots, XCH is able to produce an improved intensity ratio
between features 1 and 2 and a smoother continuum region above 410 eV. MD sampling
broadens out the features in the HCH LCAO calculation, but incorrect peak height ratios and an
overly structured continuum region remain. The latter is most likely due to basis set limitations.
S-triazine

A very rigid prototypical aromatic molecule; much like pyrrole, this molecule is in its
vibrational ground state at the experimental temperature. The fixed-nuclei XCH spectrum (Fig.
1(b)) does not compare well with experiment.*>*® Peak 1 is reproduced by XCH but with
overestimated oscillator strength. The small shoulder labeled 2 corresponds to the LUMO(+1)
and is attributed to vibronic coupling. HCH LCAO and XCH are unable to reproduce this peak
without inclusion of vibrations, but they capture peak 3. Both methods are plagued by spurious
features in the continuum region in the absence of vibrations.

It was expected that using MD snapshots would produce only small changes due to s-
triazine being in the vibrational ground state at the experimental temperatures. However,
inclusion of MD sampling results in a clear improvement with extra broadening induced by small
displacements of the nuclei. The XCH approach more accurately captures peaks 1, 3, 5 and 6;
the continuum is smooth and in better agreement with experiment. HCH LCAO is similarly
broadened, with large sampling error bars around peak 1; the continuum region remains overly
structured.

Peak 2 is evident as a large sampling error bar from MD sampling and is visible for
individual snapshots for both HCH LCAO and XCH calculations. One such snapshot is
examined in detail in Figure 2. Here, two electronic transitions which are forbidden in the
absence of vibrations, are turned on for displaced nuclei. Breaking the in-plane mirror symmetry
modifies the electronic structure at the excited nitrogen atom. For the LUMO(+1), this disrupts a
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nodal plane through the excited nitrogen, while for the LUMO(+2) a ring-like state in the
molecular plane shifts adding to the p-character at the excited nitrogen.
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Figure 2. Bottom: Initially dark electronic transitions near the N K-edge onset of s-triazine
(dash-dot blue), which become allowed (red) upon inclusion of deviations from mean nuclear
positions of the vibrational ground state, corresponding to the first 2 states above the lowest
unoccupied molecular orbital (LUMO). Top: Isosurfaces of the LUMO(+1) (left) and LUMO(+2)
(right) with (red) or without (dash-dot blue) nuclear displacements; green (red) indicates
positive (negative) values.

Note that none of our calculations reproduce peak 4. It is believed, by comparison with a
similar feature in molecular nitrogen,** that this is multi-electron in origin. Our calculations do
not include excitations of more than one electron. However, I have performed test calculations
which include an additional electron excitation from near the top of the valence band (shake-up),
indicating some transitions in the right energy range, such as HOMO(-2) or HOMO(-3) to
LUMO.

Pyrrolidine

Structurally similar to pyrrole but non-aromatic, pyrrolidine has an active low frequency
vibrational mode centered on its nitrogen atom. The XCH fixed-nuclei approximation predicts
three distinct large peaks, corresponding to the three experimental features (1,3, and 4
respectively);™ it also produces the small shoulder to the main feature centered at 404 eV,
labeled 2. Using HCH LCAO without vibrations produces unrealistically sharp features over the
entire spectrum, particularly around peaks 2, and 3.

Introducing vibrations via MD sampling greatly improves experimental agreement.

This is expected due to the population of excited vibrational modes at experimental temperatures
localized near the core-hole excitation. The XCH method accurately reproduces the continuum
region in contrast to the overstructured continuum resulting from HCH LCAO with MD. The
broadening of peak 3 in both spectra shows that the peak width is due not to core-hole lifetime
effects but rather to the variety of structures that exist at room temperature. The shoulder at peak
2 is reproduced using XCH.
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Glycine

In Figure 1(d), the spectrum of glycine, the simplest amino acid, comprises two well
resolved peaks, 1 and 2, a smaller less defined peak 3, and a broad peak 4.3"%% In the absence of
vibrations, the XCH method reproduces all 4 peaks, as does the traditional HCH-LCAO.
However, neither method yields the correct general shape of the experimental spectra. Note that
the MD averaged XCH spectrum has been rescaled by a factor of three.

A recent study on core-level spectra of glycine, examined only its four lowest energy
conformers, and was expected to represent all individual conformers with populations >2% of
the total.”® Due to their atomistic sensitivity, core-level spectra can be strongly influenced by
sparsely populated conformations.” By comparison with a Boltzmann-averaged spectrum of the
four dominant conformers (not shown) it was apparent, in this case, that merely analyzing the
four lowest energy conformers might not be adequate to accurately reproduce core-level spectra.

MD sampling has the advantage of not merely sampling the lowest energy state
conformers, but also phase space the molecule would have to occupy as it changes
conformations. Including MD sampling in HCH LCAO calculations produces a spurious low
energy feature with low intensity, a second peak that is much too intense, and the fourth feature
is not resolved. However, the overall spectral appearance is much closer to that of experiment,
particularly in the low energy range. At higher energy, the same nonphysical peaks present for
the fixed-nuclei structure are also present with MD. Using the IP for alignment is beneficial,
providing objective alignment when the first peak is not experimentally observed.

Using a 0.2 eV FWHM broadening scheme there appears to be an extra peak just above
the onset in the XCH MD spectrum, however when the peak widths are increased to 0.4 eV
FWHM (Fig. 3), this extra peak merges with the onset, and the measurement is reproduced. This
indicates insufficient or incorrect sampling of the full configuration space of glycine using our
classical MD approach. Perhaps more sampling might broaden this new peak correctly. This
example indicates how tempting it can be to broaden theoretical spectra in order to “fit” to
experiment, at the sacrifice of predictability and correct interpretation. At higher energies, the
XCH approach performs reasonably for glycine, where there is a reasonable decay, devoid of any
unphysically sharp features.
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Figure 3. The effect of numerical broadening on the calculated XCH spectrum of glycine at the
nitrogen K edge. Broadening by convolution with a Gaussian of 0.2 eV (0.4 eV) FWHM is

show in blue (red). The larger broadening obscures the second peak at 402.8 eV.

Using a finer 0.2 eV FWHM numerical resolution, it is clear from Figure 1(d) that the
“new” spectral feature between the measured peaks 1 and 2 is not present in the absence of
vibrations, for the lowest energy structure of glycine. A survey of those molecular configurations
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within our molecular dynamics ensemble which contain this extra peak indicates that it results
from a non-zero dihedral angle along the molecular backbone from the nitrogen atom to the
carbonyl oxygen (NCC=0), which breaks the mirror symmetry of glycine. Characterization of
the first four core-level electronic transitions is provided in Figure 4. Using the XCH approach, it
is found the first allowed transition of the lowest energy structure has GNH* character, in
agreement with previous work®’ using the STEX approach.'* However, the agreement stops here.
The next two allowed transitions, computed using XCH, have GNC* character and 2b,-like
symmetry respectively. (I imagine the NH, group is like the water molecule, which also
possesses a true 2b, unoccupied state.) Each of these three transitions persists upon variation of
the NCC=0 dihedral angle, albeit with some small energy-reordering and shifting in position and
oscillator strength which can be understood by analysis of expansion or contraction of the
excited electron density in the presence of these structural perturbations.
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Figure 4.Top: A comparison of spectra of glycine conformations with increasing NCC=0
dihedral angle: the lowest energy (fixed-nuclei) conformation with a 0° dihedral angle (black),
and two snapshots sampled from a 300 K molecular dynamics trajectory with dihedral angles
of 23.1° (red) and 50.9°(blue). Spectral features with similar symmetry indicated are joined by
dotted lines. A dashed line indicates the forbidden transition which becomes allowed for
nonzero dihedral angles. Bottom: Molecular orbital isosurfaces corresponding to each excited
electronic state of specified symmetry (see text) for each of the molecular conformations
mentioned above. The forbidden transition of the fixed-nuclei structure is highlighted along
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with the allowed states of similar symmetry from the perturbed structures. Green (red)
indicates positive (negative) values of the electronic wave function.

However, there also exists an optically forbidden transition in the lowest energy structure,
only 14 meV higher in energy than the first excited state. From the electronic wave function
isosurfaces, this forbidden state is of RCQQH* character and is forbidden due to its lack of
significant overlap with the core-excited nitrogen. Upon increasing the dihedral angle, this state
leaks onto the core-excited nitrogen leading to an allowed transition with large oscillator
strength, lying in energy in the gap between the first and second allowed transitions of the lowest
energy structure. The variation in energy position and oscillator strength of this transition
indicates how it leads to a broad peak intermediate between features 1 and 2 of the experiment,
which in our calculations is no longer resolvable at 0.4 eV FWHM. The connection between the
strength and position of this transition and the angle of the carboxyl group relative to the amine
is likely what leads to the broad, featureless peak observed for glycine both in crystalline solid
and solvated phases.

In conclusion, this chapter has demonstrated an accurate computational approach for
prediction and interpretation of core-level molecular spectra, which we have applied to isolated
organic molecules. Our plane-wave calculations permit faithful representations of both bound
and unbound electronic excited states, thereby producing accurate spectral lineshapes both above
and below the ionization potential (in contrast to those approaches which use localized basis
sets). By sampling vibrational degrees of freedom using molecular dynamics, significant
improvements with respect to experiment are observed. It is now possible to isolate the
vibrational contribution to the broadening of spectral features. In particular cases, where
molecules are in their vibrational ground state, improvements due to molecular dynamics
sampling indicate that zero-point effects have significant impacts on core-level spectra, enabling
new electronic transitions which are forbidden when nuclear quantum effects are ignored. Future
work in which the nuclear degrees of freedom are sampled correctly with respect to their
quantum ground state distribution will further illuminate this issue.
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Chapter 5.
Monopeptide vs. Monopeptoid: Insights on Structure and Hydration of
Aqueous Alanine and Sarcosine via X-ray Absorption Spectroscopy

5.1 Introduction

Peptoids have recently emerged as an important subject of research.” 2 They can be
readily synthesized, * and are resistant to enzymatic, chemical and thermal denaturation.*>
Peptoids are currently being evaluated for numerous applications, including cell penetration for
drug delivery,® protein-protein interaction inhibitors,’ lung surfactants,® and other biomimetics."
*9 Salient characteristics of peptoids include their robust higher-order structure, folding
dynamics, increased resistance to denaturation relative to proteins, and the means by which the
structure and interactions can be intelligently designed by the primary sequence of the chain.* >
1012 previous methods of studying peptides and peptoids have included circular dichroism of
oligomers,” 113 infrared spectroscopy, 2 NMR," mass spectrometry,”’ 15 and computational
modeling;'® ! these methods primarily focused on design and characterization of the secondary
structure.

I sought to understand the structural aspects of aqueous peptoids on a fundamental level
by comparing sarcosine with its complementary peptide, alanine, using near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy, which is sensitive to details of charge
interactions, presence of counter ions, conformation, and hydraltion.lg'24 Comprehensive and
predictive design requires an understanding of the environment and its impact on the molecule of
interest, and in the case of biological applications, this necessitates addressing the aqueous
systems. Previous NEXAFS studies of peptides have primarily been limited by technical
requirements to experiments on the gas, solid phase, thin films, or small static samples.B'31 To
enable direct measurements of aqueous systems, liquid microjet technology was employed,
where a thin stream of liquid is injected into vacuum, and is intersected by a synchrotron X-ray
beam.'®?*%3* With results from this system, I present the first direct comparison of the
properties of aqueous alanine and sarcosine using NEXAFS.

To understand a solute embedded in a solvent, several factors must be initially
considered, including but not limited to solute dynamics, intramolecular interactions of the solute
(interactions between the carboxylate and charged nitrogen group), solute-solute, and solute-
solvent interactions. As these effects are hard to separate, calculations are necessary for
interpretation and predictive capability. Our first principles density functional theory (DFT)
approach has been shown to be successful for addressing both isolated organic molecules and for
water.”*’ Many X-ray calculations done in the past on hydrated systems have used clusters to
simulate bulk hydraltion;38'42 the question arises as to the number of waters necessary to
accurately represent solvation. Further, previous practice has placed waters around a moiety of
interest, instead of the entire molecule but whether this is an appropriate practice has not been
addressed.'®*° Additionally, finite clusters of water possess surface electronic states due to
dangling hydrogen bonds; these states are not present for calculations with periodic boundary
conditions. For these reasons, a periodic simulation cell is used to model bulk hydration for X-
ray calculations.

In this chapter, I present the first NEXAFS spectra of aqueous alanine and sarcosine,
along with accompanying DFT calculations. I attempt to untangle the spectral impact of
molecular conformation versus the strength of hydration, and contrast these effects between
alanine and sarcosine. I also find that for NEXAFS simulations care must be exercised in how
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one approximates the system under consideration— e.g. the spectra of clusters do not represent
the electronic structure of the condensed phase and vice versa.

5.2 Methods
Samples:

Samples of alanine and sarcosine were purchased from Sigma Aldrich at stated purity of
99% or higher and were used without further purification; 1 M solutions were prepared using 18
MQ (Millipore) water.

Experimental:

The NEXAFS spectra were obtained at Beamline 8.0.1 of the Advanced Light Source
(ALS), at Lawrence Berkeley National Lab. Nitrogen K-edge spectra were collected both from
the liquid jet as well as from the gas phase background. A baseline intensity, I,, was collected
farther up the beamline using a gold mesh, which was used to account for intensity fluctuations.
The spectra were subsequently area normalized for ease of comparison. Spectra were collected
for the carbon, nitrogen and oxygen K-edge for both sarcosine and alanine, but found the largest
and most interesting differences on the nitrogen K-edge. Water dominates the oxygen K-edge
spectra; the carbon K-edge spectra only minimally differ between sarcosine and alanine, being
relatively insensitive to the change in the location of the methyl group.

The experimental apparatus comprises: a main chamber wherein the X-ray beam
intersects with the microjet stream, a skimmer, a section for cryogenically trapping the microjet
reduces pressures, and a differential pumping section allows for windowless coupling to the
beamline. The measurements in this chapter were obtained using a chopped fused silica capillary
of 30 um attached to an HPLC pump with an average flow rate of 1 mL/min. The temperature of
the sample was approximately 300 K. The signal was collected by total electron yield (TEY)
with a copper electrode biased at +1.8 kV; the use of TEY has been shown to provide bulk
characterization due to the large escape depths of electrons.* A more detailed description of the
experimental apparatus has been previously published by Wilson et al.*

Theoretical:

As has previously been describe accurately simulating NEXAFS of molecular
systems requires numerical spectral convergence from adequate conformational space sampling.
Classical molecular dynamics snapshots, in addition to fully relaxed structures, were input to
first principles density functional theory (DFT) calculations for theoretical K-shell spectra.***
AMBER 9 with generalized AMBER force field and Antechamber were used for the
construction of the solute, box, and the MD.**” The MD simulations were calculated in an
approximately (12 A)? orthorhombic simulation cell under periodic boundary conditions, where
the solute and solvent are replicated. I note that the presence of spurious interactions between
periodic images of the same molecule and its surrounding solvent does introduce some false
correlation in the structural and electronic contributions to the X-ray absorption spectrum;
however, by analogy with previous work on water,*® this effect should be spectrally insignificant
for cell volumes of this size, although this has not been explicitly investigated. The system was
first relaxed, then equilibrated at constant standard pressure followed by equilibration at constant
temperature before recording a trajectory at 300K using a Langevin thermostat. The simulation
cell used contained 78 TIP3P waters;"® this corresponds to a concentration of .7 M, slightly less
concentrated than experiment. Higher concentrations necessitate either smaller simulation cells
with fewer waters, but incomplete solvation shells or much larger simulation cells including
more waters plus an additional solute molecule, making the first principles calculations too
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expensive. Published studies establish that polarizable force fields for water are critical for
simulations to achieve correct structure and dynamics for an ionic solute.*”">® The effect of a
first principles molecular dynamics on the spectra of ionic solutes is the subject of future work.
Periodic boundary conditions also eliminate surface electronic states; surface electronic states
occur in finite cluster X-ray calculations due to dangling hydrogen bonds.

X-ray absorption spectra for each MD snapshot were calculated using DFT, where the
lowest energy core-level excited state was self-consistently calculated with a full core hole and
explicitly including the excited electron (XCH).” Transition amplitudes are approximated
within the single-particle and dipole approximations. I employed the Perdew-Burke-Ernzerhof
form of the generalized gradient approximation to the exchange-correlation potential.”’ These
simulations employed the same periodic boundary conditions as the MD simulations-- explicitly
including all 78 waters and using a plane wave basis set to represent the electronic structure.
Norm-conserving pseudopotentials were used in the course of the calculation, necessitating a
plane-wave kinetic energy cut-off of 85 Rydberg. Under periodic boundary conditions, the
electron wavevector k is well defined and expectation values require an integration over the first
Brillouin zone in k-space. Upon numerical convergence, this approach has been found to
accurately approximate the spectra of disordered condensed phases.36’ TA gridof 5x5x5 k-
points were used to converge the Brillouin zone integration for the X-ray absorption calculations.
For more details about the theoretical approach and its development, see previous work. > Self-
consistent charge densities and states were computed using PWSCF.’* Calculations were
performed on the Franklin supercomputer at NERSC, requiring over 700 CPU hours per
hydrated snapshot.

Each calculated spectrum was homogeneously broadened by Gaussian convolution with a
constant full width at half maximum of .2 eV. By numerical experience, this broadening is
considered small with respect to inhomogeneous broadening introduced by nuclear motion for
molecular systems, where non-degenerate molecular orbital energies are typically well-separated
at the onset of absorption but can vary within a 1 eV range with respect to molecular
conformation.® These numerically broadened spectra were then averaged over all available
snapshots. In this work, I found that using 100 snapshots is more than sufficient for spectral
convergence; that is, after 60 snapshots, the addition of more snapshots did not alter the average
spectrum. Unlike all-electron calculations, DFT pseudopotential calculations lack an absolute
energy reference. Consequently, I employ a relative energy scale, wherein the spectra are
aligned to one another using total energy differences.’* Individual features within a given
spectrum should have the correct alignment, but with an underestimation of their energy spacing
due to typical DFT underestimation of excited state energies.*® Finally, for comparison with
experiment, the computed spectra are rigidly shifted to the experimental onset.

5.3 Discussion

Figure 1 shows the structures for both sarcosine and alanine, illustrating their chemical
differences when in water. In Figure 2, the experimental nitrogen K-edge spectra for solvated
alanine and sarcosine is compared with the calculated spectra. The theoretical spectra are
computed using 100 snapshots from an MD trajectory where the solute is free to move and is
fully hydrated. Upon inspection, the main difference between the two spectra is the slight blue-
shift apparent in the leading edge (the lower energy features) of the sarcosine spectrum with
respect to alanine, indicating a change in the electronegativity or degree of bonding with
neighboring atoms. This is analogous to what is seen for a carbonyl group; when changing its
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neighboring moiety to a more electronegative functional group, a blue shift occurs on the oxygen
K-edge.” The methyl group substitution on the nitrogen in sarcosine altered the bonding around
the nitrogen, shifting transitions to a lower energy. The computed sarcosine spectra reproduce
the general shape as well as the slight blue-shift found in the experimental spectra. Spectral
features for both simulated alanine and sarcosine appear closer together in energy than in the
experiment due to the known DFT bandwidth underestimation. I deliberately chose a narrow
Gaussian broadening to expose distinct spectral features underlying the entire spectrum. The
good agreement of experimental trends with the calculated spectra, Figure 2, is a validation of
the computational method used and of the predictions made in the following sections.

(a) 0 (b) 0
HC . ne.
O N 0
NH,* H  'H

Figure 1. Structures of (a) alanine and (b) sarcosine in their zwitterionic forms; the negative
charge is resonant between the two oxygens.
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Figure 2. Measured nitrogen K-shell NEXAFS spectra of alanine and sarcosine and the
computed spectra aligned to experiment are shown above. For both experiment and theory,
sarcosine (blue) is shifted slightly to higher energy than alanine (red and dashed); the slight
shift is reproduced well in the computed spectra, and assigned primarily to methyl group
substitution on the nitrogen in sarcosine.

Spectral Effects of Conformation and Hydration

The MD trajectory sampled for the spectra shown in Figure 2 comprised 78 explicit
waters and an unconstrained solute, this is referred to as “hydrated-free,” and includes both
conformation and hydration effects. To examine and enumerate the contributions of different
factors to the spectrum (e.g. hydration, conformation), MD simulations were run to create
different sets of coordinates under various conditions. Previous work has shown that the
inclusion of internal molecular motion is very important for computational X-ray absorption
studies;> this was confirmed by first performing calculations of the completely relaxed gas
phase structures of alanine and sarcosine for both zwitterion and neutral forms, and finding these
to be a poor representation of experiment (spectra not shown). To isolate the impact of solute
conformation on the spectrum, the unconstrained and fully solvated MD trajectory (hydrated-
free) was stripped of waters, leaving a trajectory with only the solute present in different
conformations. These snapshots include all the motions of the solute that occur in the presence of
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water; thus, it can be examined whether the changes in the spectrum result from the
conformations induced by interactions with the water, or from the presence of the surrounding
solvent itself. These structures were used for the DFT calculations, are shown in Figure 3, and
are referred to as “dehydrated.” Notably, the dehydrated calculations are not physically
meaningful, as both alanine and sarcosine would be neutral, not zwitterionic in the gas phase.
Nor does the dehydrated reproduce a gas phase MD trajectory based on the zwitterion, which
would lack conformational changes induced by solvent interaction. Finally, in order to isolate
the impact of hydration without the inclusion of conformation effects, another MD trajectory was
generated where the solute structure was constrained, while the surrounding waters were allowed
to move freely; these calculations are labeled as “hydrated-fixed.” The chosen solute
conformation of the hydrated fixed trajectory was taken from the original hydrated-free MD
simulation and chosen for its typical conformation with regard to intermolecular angles (such as
the dihedral angle), distances, and being a reasonably low energy structure. Irecognize that both
the hydrated-fixed and the dehydrated simulations are unphysical situations, but they serve as
models to isolate the effects of conformation and hydration on the calculated spectra.

(a)

8x10° NEXAFS- Expt.
6 -
Hydrated-Free

Hydrated-Fixed
/\—/\N Dehydrated
0

T T T T T 1
2 0 2 4 6 8
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2 Dehydrated

T T T T ] 1
2 0 2 4 6 8
Relative Energy (eV)

Figure 3. Computed (a) alanine (b) sarcosine nitrogen K-shell spectra with hydrated-free,
hydrated- fixed, and dehydrated coordinates (see text) compared to experiment. The error
(shown as shaded area) indicate one standard deviation based on MD sampling. The
experimental spectra were shifted to align with the onset of the hydrated-free spectra.
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Comparing spectra generated by the three MD sampling techniques and experimental
spectrum for alanine, Figure 3(a), it is clear that holding the hydrated molecule rigid (hydrated-
fixed) or removing solvation (dehydrated) produce inadequate representations of the measured
spectrum. The most accurate calculated spectrum is, unsurprisingly, the unconstrained and fully
hydrated MD-based spectrum (hydrated-free); this approach reproduces the general shape and
the overall shift between sarcosine and alanine observed in experiment (Figure 2); verifying that
this is the best technique for hydrated NEXAFS. However, in the case of alanine, the hydrated-
fixed coordinates approximate both the experimental spectrum and the hydrated-free spectrum
better than the corresponding dehydrated spectrum. This suggests that hydration has a larger
impact on the electronic structure of alanine than conformational changes. The strong effect of
hydration implies that given a different solvent, the electronic structure would again be altered;
i.e., a solvent dependence. Alanine’s solvent dependence has been found in other studies; in
vacuum, a polyalanine molecule assumed an a-helix, and was only marginally stable once it was
hydrated.'®> Additionally, a blocked alanine was found to have solvent dependence in FT-IR
experiments.54 Notably, more broadening occurs in the hydrated-free spectrum due to the
additional structural changes (versus the hydrated-fixed) and the inclusion of hydrogen bonding
structures (versus the dehydrated spectrum).

Figure 3(b) shows a similar comparison for sarcosine, between experiment and
simulation for the hydrated unconstrained solute (hydrated-free), hydrated with constrained
solute (hydrated-fixed), and dehydrated solute scenarios. The best approximation for the
experimental spectrum is, similar to alanine, the unhindered fully solvated case. Yet, for
sarcosine there is less agreement between the hydrated-free and hydrated-fixed scenarios
implying conformation is a larger spectral contributor than it is for alanine. As there are
numerous conformations, it is impossible to say whether this is true for each; rather, this typical
(in terms of structure and energy) structure, is an indicator of lesser solvent contribution to the
electronic structure. This will be examined further later in the text with regard to hydrogen
bonding. Intramolecular interaction is possible for both sarcosine and alanine in the gas phase
for both the neutral and zwitterion.'>>> Based on visual inspection of the snapshots
intramolecular interaction is reduced upon hydration; still, the degree of interaction is greater for
sarcosine than alanine based on the proximity brought about by the methyl substitution. Given
increased intramolecular interaction any change in angle would result in changes in the strength
of these interactions and the electronic structure, and would be seen spectrally.

To further examine the relative impact of conformation on spectra, individual
configurations with various dihedral angles were chosen and their spectra calculated; Figures
4(a) and (b) present the results for a variety of angles for both sarcosine and alanine,
respectively; these measurements are based on the trajectories from the dehydrated calculations.
These snapshots are from the dehydrated trajectory to isolate the impact of conformation alone
and simplify interpretation. The angles indicated are the sum of dihedral angles illustrated in the
insets of Figure 4; dihedral angles were used because they provide a better representation of
possible intramolecular interaction and overall molecular strain. Previous computational work
has shown that for gas phase glycine the nitrogen K-edge is sensitive to such conformational
changes, therefore some angle dependence was predicted.”* ** * The distribution of dihedral
angles for sarcosine (standard deviation approximately 90°) is much wider than for alanine
(standard deviation approximately 50°). The free rotation of the NH;* of alanine gives somewhat
degenerate spectral features; whereas, the methyl on the nitrogen of sarcosine results in lower
symmetry around the nitrogen and the sampling of more unique positions such that conformation
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has a greater spectral role. Examining Figure 4, it is evident that sarcosine exhibits larger
spectral variation depending on the dihedral angle as opposed to alanine; this implies that
sarcosine is more conformation dependent than alanine.
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Figure 4. Calculated N K-edge spectra of (a) alanine (b) sarcosine for a range of dihedral
angles; the number shown on the left is the sum of the two dihedral angles. These spectra do
not include any water molecule, but are from the dehydrated trajectory, and serve to isolate

the impact of changing the dihedral angles. The indicated values are the sum of »#1,2,3,4 and
21,2,3,5 for alanine, and ~1,2,3,4 combined with ~2,3,4,5 for sarcosine.

As a further test of the effect of solvent on sarcosine and alanine different configurations
were compared from the hydrated-fixed calculations to examine the impact of the hydrogen
bonding without conformational changes (Figure 5). For sarcosine and alanine, two snapshots
each are chosen with high and low number of hydrogen bonds. A hydrogen bond was defined as
having a distance less than 2.5 A, an acceptor angle of 120° or greater, and a donor angle of 90°
or more; a schematic is shown in Figure 5(c). For alanine, Figure 5(a), there are large spectral
differences between the two snapshots, despite having the same solute coordinates. For alanine,
neither of the snapshots resemble the ensemble-averaged spectrum, which requires an average of
many snapshots. Sarcosine’s two hydrated snapshots, Figure 5(b), show little change between the
two spectra other than minor shifts and a slight change in the intensity of the shoulder to the blue
of the main peak. The two spectra from individual snapshots seem to be narrower versions of the
average sarcosine hydrated-fixed spectrum. The 2 snapshots for alanine and sarcosine are
representative, and indicative of the larger spectral impact of hydration on alanine than sarcosine,
and the importance of the strength or type of interaction. This suggests if sarcosine were placed
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in another polar solvent, the states would be less impacted than for alanine. This has been seen in
previous studies of the effect of other polar solvents on the secondary structure of peptoid
oligomers using circular dichrosim.’
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Figure 5. Using snapshots from the MD trajectory with a constrained solute, nitrogen K-edge
spectra were calculated for cases where there is a higher or lower number of hydrogen bonds

for (a) alanine, and (b) sarcosine. The sum is the hydrated-fixed average also shown in Figure
3. A hydrogen bond, shown in (c) was defined as having a distance between acceptor and

donor of less than 2.5 A, a donor angle greater than 120° (21,2,3), and an acceptor angle
greater than 90° (£2,3,4).

Hydration has a large spectral impact, particularly for alanine. Certain excited states are
more sensitive to hydration; the more sensitive states appear to be those that have more density
on the hydrogens of the nitrogen. For sarcosine, most of the low-lying excited states are
molecular in nature (dispersed over the entire molecule) with relatively more density along the
backbone of the molecule as opposed to alanine where low-lying excited are more localized on
the terminal NH;" group. This can be seen in Figure 6, which contrasts the LUMOs of alanine
and sarcosine with and without water. These LUMOs are representative of the excited states as
our XCH calculations explicitly place the excited electron in the LUMO in addition to the core
hole. The LUMO of alanine without water, Figure 6(a), is extremely localized on the amine
group; whereas, sarcosine’s LUMO without water, 6(b), has localized density on the nitrogen but
also density along the methyl group and the carboxylate group. Both dehydrated LUMOs alter
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upon hydration; a large change occurs in the hydrogens upon hydrogen bonding-- there is no
density on the involved hydrogen. The hydrated LUMO of alanine, figure 6(c), shows a large
migration to the backbone of the molecule, with increased density near the carboxylate group.
Alanine’s LUMOs exhibit a density difference upon hydration particularly along the backbone;
this can be attributed to the localization of the dehydrated LUMO on the dangling nitrogen
group. For sarcosine, the change to the LUMO upon hydration is less than alanine as the
dehydrated LUMO has character that is more molecular than alanine. Molecular states change
less upon hydration, as the hydrogen bonding tends to affect specific terminal moieties in the
molecule as opposed to the molecule in its entirety. Yet, a more molecular state will be impacted
more by dihedral angle variations than a more localized state, such as what was found for
sarcosine and alanine. Overall, the low-lying unoccupied states of sarcosine are more molecular
than alanine; thus, giving sarcosine less sensitivity to the hydrogen bonding network in its
entirety, but increased sensitivity to conformation.

Alanine Sarcosine
(a) (b)

Figure 6. LUMOs from a single snapshot for: (a) alanine without water, (b) sarcosine without
water (c) alanine with water and (d) sarcosine with water. For the lower-lying unoccupied
orbitals, sarcosine shows more molecular character than do the states in alanine, and are
therefore less affected by hydration. These states have isosurface values of 30% of the total
integrated value.

Partial versus Bulk Hydration

Hydration can be a vague term—partial or bulk hydration? Are the waters around the
atom of interest the only ones important, and how many solvation shells are important? I
examine the question of using microhydration (a limited but localized number of water
molecules) in simulations to approximate the bulk. Similarly, can bulk calculations or
experiments be used to approximate real microhydration situations such as confined water?
These concerns need to be addressed to approximate experimental conditions for NEXAFS,
maintain a tractable calculation, and to move towards predictive computational work.

Clusters of various sizes were constructed for alanine and sarcosine using the nitrogen
atom as the center and selecting waters by minimum distance to a specified center, the spectra of
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these clusters were calculated using DFT and are shown in Figure 7; alanine is discussed below
and sarcosine is discussed later in the text.
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Figure 7. Computed N K-edge spectra for various aqueous cluster sizes solvating (a) alanine
and (b) sarcosine, with the focal point of the cluster being the nitrogen position. The number of
waters for each cluster are labeled, with 78 filling the periodic box (bulk). Spectra were aligned
to a reference snapshot as described in the test. The vertical dashes identify the first several
states.

Inspecting the spectra of the clusters for alanine, Figure 7(a), there is a marked difference
between the spectra with 21 waters versus the other cluster sizes. In that configuration, there are
only enough waters molecules to hydrate the amine group; thus, the carboxylate group is not
hydrated until 36 waters are present. Thus, attempting to examine bulk hydration simulations
with incomplete solvation may lead to incorrect interpretation.”

To examine the stability of our calculations and the effects of specific interactions on the
nitrogen K-edge, smaller clusters of alanine were constructed, and their spectra calculated. The
water clusters are centered on the NH;" or around the carboxylate group, in Figure 8(a) and (b),
respectively. The waters included were those closest to the functional group in question. As
expected, the spectra of the NH;" centered cluster exhibit definite spectral changes upon
hydration. There is an increase in the number of states, changes in the intensity and energies of
transitions, and in the density of states with addition of each water molecule in the NH;" centered
small cluster. The character (spatial extent and relative density on a particular atom) of the
states change with the increased interaction, this, in turn, affects the oscillator strength and thus
the spectrum. This can be seen in Figure 6 in the case of the LUMO; even small alterations to
these final states can strongly affect their overlap with the initial electronic core state and thus
alter the transition strength. The addition of waters to the COO" centered water cluster impacts
the energy spacing of the states, removing degeneracy and lowering the energy of excited states
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of this charged species, as opposed to the creation of new spectral features. In the dehydrated
spectrum, the largest feature (at approximately 1.8 eV) comprises three smaller transitions. After
hydrating the carboxylate, this approximate degeneracy is broken and the 3 smaller features
become distinct. Hydration of the carboxylate group leads to a decrease in perturbations of the
electronic structure, particularly in the case of a small zwitterion; this is notable by a slight
lowering in the energy of the states. Whether this effect is important for polypeptides, where
charge groups may be more spatially separated is the subject of future research. In cases of
microsolvation (solvation by a limited number of waters) or clusters, this effect would be
important if other nearby charged groups were unsolvated, such as in proteins or other polymers
exhibiting preferential hydration. I recognize that while illustrative the small cluster studies
presented here are unphysical, since the zwitterion is unstable in vacuo or with limited waters;
research has suggested that at least 7-8 waters are required to stabilize the alanine zwitterion.'®
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Figure 8. Nitrogen K-edge spectra of (a) NHs* and (b) COO- centered clusters of water
molecules around alanine, examining the effects of microhydration. The nitrogen-centered
clusters show differences in the appearance of new spectral features and large-scale shifts of
features, indicated by the vertical dashes. In the case of the carboxylate-centered clusters, no
new large peaks appear and there is more splitting of the main feature at approximately 2 eV.
Bulk refers to 78 waters, the fully hydrated case, where the periodic box is full.
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Hydrated sarcosine was similarly examined using various water cluster sizes; their
spectra are shown in Figure 7(b). These clusters show similarities to those of alanine, Figure
7(a), with regard to the spacing of spectral features. The spectral change produced when the
cluster size is increased to 36 waters is less evident for sarcosine than for alanine; this is likely
due to the nearest waters around sarcosine being closer to the carboxylate group than for alanine
due to the difference in molecular structures. In order to isolate the spectral impact of water on
sarcosine further, smaller clusters were constructed (Figure 9) for both nitrogen and carboxylate
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centered clusters. A reasonable approximation to the bulk hydrated spectrum is reached by
having 4 or 5 waters in the nitrogen centered cluster for sarcosine, implying that the impact of
hydration on the nitrogen K-edge spectrum of sarcosine converges within the first solvation
shell, as opposed to the case of alanine. The shifting of states’ energies and the appearance of
new transitions occurs with the addition of each water for the small nitrogen-centered clusters’
spectra, similar to what was found for alanine; this is particularly visible for the LUMO and
LUMO-+1. There are intensity changes of the features but the number of states within the first 1.5
eV of features remains constant after the spectrum with 3 waters for the nitrogen-based small
clusters, corroborating a higher dependence on short range interactions than was found for
alanine. In the case of hydration around the carboxylate, there appears to be a contraction of the
existing states, as well as small energy shifts, rather than the appearance of new states,
suggesting that carboxylate-based hydration only modifies the energy levels of the states. For
both sarcosine and alanine, it is important to account for the fact that there are two charged
groups nearby and this will primarily affect the states and not their spectral intensities. This
implies that groups that have only one such charged group would not yield good representations
of those with two, and vice versa.
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Figure 9. Nitrogen K-edge spectra of small clusters around sarcosine with (a) focused around
the nitrogen and (b) centered around the carboxylate. The first few unoccupied states are
labeled on each trace by small vertical lines. As found for alanine, the nitrogen-based clusters
exhibit the appearance of new spectral features with increased numbers of water molecules,
whereas the carboxylate based clusters exhibit changes in the energy of the states, rather
than the appearance of new transitions. 78 waters (bulk) is the fully solvated case, where the
periodic box is full.
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5.4 Conclusions

This chapter presents the NEXAFS measurements of aqueous sarcosine and alanine, and
accompanying first principles DFT calculations and analysis; calculations are in good agreement
with experiment, further validating our recently developed theoretical (XCH) approach. Based
on our theoretical analysis, it is shown that the effect of hydration of alanine has a larger spectral
effect than does conformation; the reverse is true for sarcosine. This was further supported by
examining spectra of alanine and sarcosine conformers over a range of dihedral angles, and with
different hydrogen bonding environments. Part of alanine’s higher sensitivity to hydrogen
bonding is likely related to the structural difference of having a terminal nitrogen versus an
embedded nitrogen, as in the case of sarcosine. It is important to note that some of the findings
revealed in this study will change upon the formation of a polypeptide or polypeptoid due to the
altered bonding on the nitrogens.” Presently, I can only predict what the spectral implications of
secondary structure would be. In the case of alanine, the restrictions of motion effected by a
longer peptide chain would likely affect the excited states, and thus the spectrum, less than if the
solvent was changed or mixed, as has been found previously for alanine in different
environments.'>>* In general, side chains that have dangling hydrogen bonds would probably be
more affected by hydration than by conformation, and this would be reflected in computed and
likely experimental NEXAFS spectra. This is supported by many of the excited states of
sarcosine, a molecule with a non-terminal nitrogen, resembling delocalized molecular orbitals
more than moiety-specific orbitals, and therefore being less explicitly dependent on the solvent
and more dependent on conformation. For polypeptoids, the existence of a longer chain may
constrain the conformational movements due to the establishment of secondary structure in the
absence of amino-group hydrogen-bond donors along the backbone, thus leading to more rigid
higher-order structure than found in polypeptide analogues. I predict that this rigidity should
exhibit a change in spectral signature given the increased population of certain dihedral angles.
In addition, this work also demonstrates the sensitivity of nitrogen K-edge NEXAFS to details of
the solvation environment, including degree of hydration, and solvent identity. Thus, NEXAFS
spectroscopy, in combination with accurate excited state theory, appears to be a useful tool for
the examination of the secondary structure of polypeptoids, polypeptides, and quite probably
DNA and RNA.
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Chapter 6.
Preliminary Results of Small Biological Molecules

Early in my graduate career, [ examined a number of small biomolecules using NEXAFS
to characterize their hydration. These included amino acids studied under a variety of pH
conditions, and the examination of hydrated nucleobases and nucleosides (the nucleobase and a
sugar). This chapter details experimental results, preliminary conclusions and suggestions for
future work to yield a more complete understanding of these interesting fundamental systems.

6.1 Amino Acids Introduction

As previously discussed, almost all biological systems are aqueous; thus, understanding
the interactions of water molecules with prototypical biomolecules is crucial."* Numerous
studies have looked at the interactions of amino acids with water by various methods including
Raman and infrared spectroscopy and mass spectrometry.” Previous work on amino acids using
NEXAFS has focused mainly on studies of powder form, gas phase, or spun thin film
preparations.®® These samples present problems concerning sample preparation, and sample
radiation damage.9 By employing liquid jet technology and combining it with NEXAFS,
information about the hydration of species has been extracted while avoiding sample damage."*
1012 By previous work in the Saykally group, it was shown that glycine in its anionic form
assumes an “acceptor only” position; the molecule only accepting hydrogen bonds from
solvating water molecules, as opposed to donating them.” Several other amino acids were
subsequently investigated, in an effort to ascertain the generality of this behavior. It was argued
due to the steric hindrance of larger R groups that not all amino acids would exhibit acceptor
only behavior."

In this chapter, those results are expanded upon by looking at two different amino acids:
arginine, and valine, for which the structures are shown in Figure 1. These amino acids contain
two very different R groups. Each amino acid was examined at varying pHs, in order to compare
their hydration characteristics in different charge states.

I | o
| &

Figure 1. Structural representations of given amino acids (a) arginine (b) valine. The sites that
change with pH are circled, and include amine groups and carboxylic acids.

6. 2 Methods for Amino Acids
Experimental

The methods employed were similar to those described in previous chapters. Solutions
were made with arginine and valine from Sigma Aldrich at stated purity of 98% or higher and
without further purification. Millipore water was used to make solutions of 0.5 M arginine, and
0.3 M valine, the pH was then adjusted accordingly with sodium hydroxide, or hydrochloric acid.
The NEXAFS spectra were obtained on the relevant edges, carbon, nitrogen, and oxygen, at
Beamline 8.0.1 of the Advanced Light Source (ALS), at Lawrence Berkeley National
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Laboratory. The carbon spectra were calibrated to highly ordered pyrolitic graphite recorded
previously by beamline scientists. A gold mesh collected incident intensity farther up the
beamline for normalization to account for variations in photon flux. The spectra were
subsequently area normalized. The experimental apparatus has been detailed in earlier chapters,
and was previously published by Wilson et al."?

Computational

Impact,'* a program produced by Macromodel that is commercially available, was used
to solvate and then perform molecular dynamics (MD) on the hydrated amino acids. The
simulations used a solvated cube of 18.62 A with periodic boundary conditions and 205 water
molecules. The twenty nearest neighbors from the center of mass in the MD snapshots were
determined, and then 15 selected snapshots were used as input coordinates for StoBe deMon;15 a
similar method was used for the carboxylate study.16 A composite of the StoBe spectra from
different snapshots is the theoretical comparison given in subsequent figures. A description of
StoBe and its inherent assumptions was discussed in Chapters 1 and 2; at the time of the work
described herein, the more advanced methods detailed in Chapters 1 and 4 had yet to be
developed.

6.3 Results and Discussion of Amino Acids Work

Amino acids can exist in multiple charge states; for example, arginine has four distinct
charge states, +2, +1, neutral, -1. Through pH control, the predominant state in solution can be
chosen; a systematic comparison was made of arginine and valine in their different charge states,
the sites of protonation and deprotonation are shown in Figure 1. Analysis of the nitrogen K-
edge and the carbon K-edge follow; oxygen K-edge spectra were also collected, but were
dominated by the signal from water.

Changing the charge state of the amino acids had been previously seen to have little to no
effect on the carbon K-edge spectrum." ? This is seen in Figure 2, where a comparison of the four
different charge states of arginine is shown. The peak at approximately 288.5 eV results from
the 1s—m*cn transition; the subsequent peak is assigned to the carbonyl transition centered at
290 eV. The change from an overall positive charge of two to an overall negative charge seems
to have no noticeable trend on the carbon K-edge. Previously, a slight red shift has been noted
for the nc_o* feature" ? but with arginine this was not seen, likely due to the n*_y feature
overshadowing any small blue shifts and not being as influenced by pH changes.
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Figure 2. Carbon K-edge comparison of arginine in four different charge states (fully
protonated, after the loss of the carboxylic hydrogen, lost of the first nitrogen hydrogen, and the
loss of the second amine hydrogen).

A theoretical spectrum was calculated using StoBe'” and compared to experiment, and is
shown in Figure 3. The simulated spectrum reasonably approximates the experimental data for
the * resonances. Unfortunately, the energies after the n* features, after 290 eV, appear to
increasingly disagree with the experimental spectrum; this appears to be an artifact of StoBe’s
use of a localized model. This effect has been seen before in other theoretical calculations of
small biological molecules.'” Additionally, there is a question of the overall fit due to recent
literature which states that a spectrum calculated with StoBe will be affected by a change in
basis set;'™ ' this would add another fitting parameter to the theoretical spectrum.
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Figure 3. Carbon K-edge comparison of experiment versus theoretical calculations. The
features due to the 1 bonds present in arginine are well matched. Theory and experiment
become increasingly divergent in the 0* bonding region (above 290 eV).
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The nitrogen K-edge spectra of arginine display a general invariance with charge state
(Figure 4). The 1s— m* at approximately 401.5 eV is particularly insensitive to changes in the
charge state. This corresponds to the first feature on the carbon K-edge spectrum, at around
288.5 eV. In previous work, changes were seen on the nitrogen K-edge of glycine due to pH
changes, a shift from deprotonation and small features on the leading edge labeled “acceptor
only,” but in the 6* region of the spectrum (above 403 eV) for arginine no shift is apparent. This
is likely due to the four nitrogens with ¢ bonding making it unlikely to see a small shift of the
other features. There is also a possibility of contamination due to atmospheric nitrogen leaks
impacting the lower energy feature, but this is unlikely due to the relatively high concentrations

of the amino acids.
. ———
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- ~ B
> Neutral
©
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Energy(eV)
Figure 4 Nitrogen K-edge spectra of arginine with increasing positive charge from the top. The
peak at 401 eV is the result of the 1s—T*cn transition. The following large feature is due to
the nitrogen o bonds and cannot be individually assigned at this time.

Valine exhibits few changes on the nitrogen K-edge, see Figure 5(a) below. The lack of
“acceptor only” behavior was expected due to valine having similar steric hindrance to lysine
and diglycine, which has been previously cited in lacking acceptor only behavior." Yet, there
lacks even a shift of the main feature, transitions to ¢* states, that was seen previously.l’ 2 This is
surprising in that changing the electronic environment generally impacts the energy of the
transitions.”’ There also exists the possibility of contamination due to a leak in the jet feed-
through of the system during the data collection; this would affect valine’s spectrum more than
arginine’s due to its lower experimental concentration and can be seen in the increased noise of
the spectrum. On the carbon K-edge of valine, Figure 5(b), there seems to be little change with
charge state, as expected and seen previously." > The n* feature (ca. 289 eV) remains unaffected
by changes in the pH and the ¢* region (above 290 eV) remains undecipherable at this time.
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As shown, the spectra of arginine and valine on the nitrogen K-edge show no significant
changes with pH. This is surprising, as before there were indications of the “acceptor only”
structures of glycine.2 The lack of “acceptor only” features on the pre-edge was also seen in
diglycine and lysine,' and was attributed to steric hindrance effects. It seems that this conclusion
needs to be reevaluated with a larger library of amino acids and in light of current theoretical
developments.'”?!

6.4 Nucleobases and Nucleosides

During the course of study of amino acids, work began on other small biomolecules.
Examining the bases of DNA and RNA to understand the details of hydration and changes in
hydrogen bonding was a logical next project. Uracil and cytosine were the only two bases
soluble enough to yield experimental data. The only previous NEXAFS work addressing nucleic
acids used powder form, and thin films,” > thus examining the impact of hydration on DNA and
RNA was an important next step. A comparison was made of the nucleobase to its respective
nucleoside (the nucleobase and ribose in these studies), e.g. uracil and uridine, and cytosine and
cytidine.

50



The methods, both experimental and theoretical, employed are similar to that for the
amino acids detailed previously in this chapter and similar to that of the carboxylate system
which was detailed further in Chapter 2. The chemicals were purchased from Sigma Aldrich at a
stated purity of 97% or higher; they were used without further purification with Millipore water
to prepare 0.3 M solutions.

6.5 Uracil and Uridine

Uracil is a naturally occurring nucleobase found in RNA. The structures of both uracil,
and its nucleoside, uridine, are given in Figure 6. The data were obtained only for the carbon K-
edge due to a leak in the bellows of the jet feed-through disrupting data collection on the
nitrogen K-edge.

0

(a) (b)
Figure 6. Structures of (a) uracil and (b) uridine. For uracil, the peaks are labeled for the four
major peaks in the spectra, and can be translated to uridine.

The results for the carbon K-edge, Figure 7 (a), are in reasonable agreement with
previously published work on uracil.” ** The assignment of the ©* peaks for both uracil and
uridine are relatively straightforward, similar to NMR, the more electronegative the substituents
attached the carbon are, the lower the transition energy.”” The labels in Figure 6 on uracil,
correspond to each peak; the lowest energy peak is labeled 1, and so on, and are directly
transferable to uridine. Experimental and theoretical agreement for both uracil and uridine is
reasonable within the localized ©* region, but agreement is poorer within the overly structured
o* region; this is a known fault of the StoBe method, with its localized basis sets producing an
overly structured o* and continuum regions (above 290 eV)."”
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Figure 7. Comparison on the carbon K-edge spectra of (a) uracil and (b) uridine

experimental(red) data versus theoretical(blue) calculations.

In comparing uracil to uridine, a few changes are evident, as seen in Figure 8. There are
changes in the relative intensities of certain peaks. This can seen in the increase in signal in the
o* region, above 290 eV, and is due to an increase in the number of carbon ¢ bonds from the
addition of the sugar. Additionally, the peak centered around 298.5 eV, the third peak from the
left, is lessened upon the addition of ribose. Intuitively this seems strange, as this is due to the
farthest carbon from the ribose. However, the addition of the ribose alters the tautomer
populations,23’ * and thus it is possible that the comparison is not as straightforward as originally
considered. Using pH controlled solutions to adjust tautomer populations would be a logical, but
difficult next step in the studies of uracil and uridine. Additionally, improved theoretical studies
would be useful in establishing primary configurations and the strength and impact of hydrogen
bonding on the spectra, particularly on the nitrogen K-edge. And, of course, it is important to
obtain a good experimental spectrum of the N-edges.

e Uracil
e Uridine

25x10°

20
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T
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Figure 8. Comparison of uracil and uridine on the carbon K-edge, with uracil in red above, and

uridine below in green.

6.6 Cytosine and Cytidine

Cytosine is a nucleobase found in both RNA and DNA, where cytidine is cytosine with
ribose attached, structures are shown in Figure 9. As with the study of uracil compared to
uridine, no measurements were possible on the nitrogen K-edge due to a leak to atmosphere.
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Figure 9. Structures of (a) cytosine and (b) cytidine. The carbons are labeled 1-4 to correspond
with peak assignment. The labels on cytosine are directly transferable to cytidine.

The experimental results compared to theoretical results are shown below in Figure 10.
Cytosine shows three ©* features, and cytidine presents four n* features, agreeing with
theoretical calculations. The three features from cytosine are from carbons 1 and 2 forming the
first feature, and then carbons 3 and 4 forming individual features. The relative degeneracy of
the first feature is broken for cytidine, where each carbon relates more directly to a n* feature. A
further description of the states involved would provide useful information. Notably for both
cytosine and cytidine, as for uracil and uridine, the region above 290 eV is overly structured in
the theoretical calculations due to the localized basis set treatment.'’ Additionally, the relative
heights of cytidine in the experimental spectrum appear to be in disagreement with the
preliminary theoretical results shown. This shows the need for the new computational methods
for such extended systems, particularly when a large degree of motion is involved.”!
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Figure 10. Comparison of experimental(red) (a) cytosine (b) cytidine data on the carbon K-
edge to theoretical calculations(blue)

In comparing the cytosine to cytidine spectrum, Figure 11, there are two main differences
to note. The first difference is the increase in signal above approximately 291 eV, corresponding
to an increase in the number of carbons present by the addition of ribose. The second difference,
as mentioned earlier, is the separation of the first feature into two distinct n* features. There
appears to be a quasi-degeneracy in for the carbons labeled 1 and 2 which is broken upon the
addition of the sugar. A more detailed look at the states involved, and how these change upon
the addition of the sugar would be useful and could now be completed with current theoretical
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techniques. Further sampling of the experimental data on all edges is needed to achieve a better
comparison and understanding the impact of hydration.

e Cytidine
= Cytosine
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Figure 11. Comparison of experimental cytosine and cytidine on the carbon K-edge. Cytidine
is in blue above, and cytosine is below in green.
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Chapter 7.
Future Directions

NEXAFS spectroscopy of liquid microjets remains a promising technique, but new
subjects for study and technical improvements always need to be considered to stay at the
forefront of a field. This chapter is a discussion of possible technical improvements, systems to
study, and limitations to consider.

7.1 Endstation Improvements

Currently, a member of the Saykally group is working on expanding the endstation
capabilities to examine free radical systems. This should open new chemical systems and
avenues of study, such as radical carbonate, and radical hydroxide. Still, some basic chamber
modifications would be useful for easier maintenance. For a basic outline of the current
endstation configuration please consult Chapter 1 and Wilson et al.."

During the course of this study, the liquid microjet feedthrough leaked upon multiple
occasions, which limited our ability to study systems on the nitrogen K-edge. This equipment,
produced by VG Scienta, comprising a z-bellows, and an xy manipulator, was damaged multiple
times by drops of liquid falling and irreparably damaging the bellows. This will continue to be a
problem as long as we run solutes, particularly at high concentrations. An alternative was
proposed by Jonathan Spear,” an associate beamline scientist, suggested altering the current
bellows arrangement to a long 2 %" tube with a magnetic mechanism to position in the z-
direction. The current xy manipulator would remain with the Teflon insert to protect it, but a
significantly cheaper stainless steel tube would replace the vulnerable z-bellows.

Currently, a main source of frustration when preparing to run experiments is attaching the
six-way cross, a piece of equipment that holds the connection to the icicle breaker, a connection
to the rough pump, and a liquid nitrogen trap. This piece is heavy and unwieldy, making it
difficult to attach properly. The piece needs to be removed to move the chamber in and out of
the Advanced Light Source and to clean adequately; with some redesign, the chamber would not
need to be dismantled and could be easier to clean. At this time, a redesign of the chamber in
regards to a more vertical orientation would make for both easier storage and cleaning.

7.2 Possible New Chemical Systems for Study

As a continuation of previous work, > it would be helpful to examine certain aqueous
biological samples. Further peptide, and peptoid comparison would be useful, particularly in
examining the impact of different R groups, and also longer chains, such as di- or tripeptide, and
peptoid linkages.* Creating a library of soluble amino acids under different pH conditions,
analogous to what was completed by Kaznacheyev et al. for solid samples, would be very useful
for designing further study of these systems.’ Similarly, examining the DNA and RNA bases,
taking into account tautomer populations and using improved theoretical methods could lend
further insight.

Due to improved theoretical methods,*? new systems for study are accessible and
previously studied samples could be explored in greater detail. For example, the earlier mixing
studies of methanol and ethanol could now be calculated within the framework of periodic
systems, yielding a much better representation of the liquid samples.'® Another project could be
the continued study of the hydration of divalent cations, using a proposed approach for improved
molecular dynamics sampling discussed in Chapter 3. To start a new direction, work by Dr.
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David Prendergast of the Molecular Foundry has progressed to the point of enabling L-edge
systems to be examined in detail, thus opening additional elements to study.

7.3 Advice to Future Coworkers

There are many directions to follow with liquid NEXAFS, but a scientist should consider
a few points before proceeding with experiments. The first concern for measurements is the
concentration available for experimentation; the concentration that will work with a liquid jet is
always less than the literature maximum due to the backing pressure of the syringe pump. The
current detection limit, ca. 0.15 M for a given element, should be considered before attempting to
run a sample, though this limit varies if attempting to examine an edge with a lower photon flux.
The next point to consider is the ability to reliably model the system of interest. Given a large
system, or the types of atoms, check the availability of computing resources and potentials
available to accurately model the experiment. Finally, consider the limitations of the beamline,
for example the inherent resolution of the instruments available and the contamination by
absorption by particular elements on the beamline optics.
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