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Abstract:

Understanding the origins of structure and bonding at the molecular level in complex chemical systems
spanning magnitudes in length and time are of paramount interest in physical chemistry. We have coupled
vibrational spectroscopy and X-ray based techniques with a series of micro-reactors and aerosol beams to
tease out intricate and sometimes subtle interactions, such as hydrogen bonding, proton transfer, and non-
covalent interactions. This allows for unraveling the self-assembly of arginine-oleic acid complexes in
aqueous solution and growth processes in a metal-organic framework. Terahertz and Infrared spectroscopy
provide an intimate view of the hydrogen-bond network and associated phase changes with temperature
in neopentyl glycol. The hydrogen-bond network in aqueous glycerol aerosols and levels of protonation of
nicotine in aqueous aerosols are visualized. Future directions in probing the hydrogen-bond networks in
deep eutectic solvents and organic frameworks are described, and we suggest how X-ray scattering coupled

with X-ray spectroscopy can offer insight into the reactivity of organic aerosols.



The dynamics of complex and typically heterogeneous systems have long captured the attention of the
physical chemistry community, owing to their prevalence in natural processes and inherent complexity.
Heterogeneous systems play crucial roles in solvation, micro-confinement, crystallization, self- and
supramolecular assemblies, interfacial dynamics and structural relaxation, among many other processes.!
These areas represent some of the most fundamental topics in chemistry and are extremely relevant to
study if we seek to decarbonize our energy sources and live in a sustainable way in the future. In nature,
these processes are driven both by non-covalent interactions such as van der Waals forces and hydrogen
bonds and by covalent bonds.? For example, non-covalent interactions and hydrogen bonding are deeply
implicated in numerous processes in soft systems, crystals, and liquids. These interactions are critical for
maintaining the structural integrity and stability of macromolecules, such as proteins and polymers,® which
further provide a versatile toolbox for tuning the structural, morphological, and functional properties of
materials and systems. Covalent bonds, on the other hand, dominate in the formation of various skeletons
and backbones of products, ranging from inorganic minerals to organic compounds and biological
macromolecules. Understanding and controlling covalent bonds are essential in the thermodynamics and
kinetics for fine-tuning the formation of complex morphologies, and have a significant impact on the

functionalization of the resulting materials.

Despite their importance, the fundamental principles governing these processes remain challenging to
elucidate and are often debated due to their intricate nature. In addition to bulk measurements, a
molecular-level view is often necessary. In recent studies, scientists have not only focused on static analysis
for systems at equilibrium but have also become increasingly interested in examining the dynamics of non-
equilibrium heterogeneous systems.! Thanks to the advancements in spectroscopic techniques bolstered
by high-level computational work, modern technologies now permit an in-depth, molecular-level
understanding of physicochemical processes in heterogeneous systems. Spectroscopy can investigate
various interactions and chemical bonds depending on the photon energy, allowing scientists to employ
multiple techniques to extract structural information from various perspectives. Here we describe our
modest efforts in coupling vibrational spectroscopy to soft X-ray photoelectron and absorption
spectroscopy to probe these processes at the Advanced Light Source (ALS), a synchrotron facility located
at Berkeley Lab. The colocation of hard X-ray scattering apparatus at this facility allows for the coupling of

small and wide-angle X-Ray scattering to vibrational spectroscopy.

Terahertz (THz) and far-infrared (FIR) spectroscopies operate in the 0.1 — 20 THz (3.3 — 670 cm™ in

wavenumber) range and are highly sensitive to non-covalent interactions, providing fingerprint information



of molecules and structures, and making them ideal for probing systems reliant on structural
reorganizations driven by intermolecular Coulombic forces.>® Mid-infrared (MIR) spectroscopy, operating
between 600 — 4000 cm™, can identify formation and breaking of covalent bonds, as each type of bond
vibration or rotation exhibits characteristic absorption peaks at specific wavenumbers. Peak shifts caused
by chemical environment change allow the use of IR spectroscopy for studying non-covalent interactions,
particularly O-H stretching within hydrogen-bond networks.” Soft X-rays, with energies ranging from 10% —
103 eV, are capable of deciphering electronic structure in exquisite detail. X-ray photoelectron spectroscopy
(XPS) provides a surface-sensitive probe while near-edge X-ray absorption fine structure (NEXAFS) is
sensitive to the bulk concentration. XPS provides information via binding energy (illustrates changes in the
bonding environment) and the intensity (signifies a quantitative understanding of each component present
on the surface), and NEXAFS provides information about different types of hydrogen bonding. Besides
NEXAFS, there are also absorption- and emission-based soft X-ray spectroscopies such as extended X-ray
absorption fine structure (EXAFS) and X-ray emission spectroscopy (XES). Similar to NEXAFS, EXAFS
measures the absorption of X-ray photons that causes the ejection of a core electron. XES on the other
hand, measures the X-ray photons emitted when such an electron hole is refilled by another electron. Both
EXAFS and XES can assess the bonding and coordinating environment of an atom, however we have chosen
to work with XPS and NEXAFS since our access to X-ray photons is limited to less than 1 keV. Hard X-rays,
with energy ranges up to 10* eV, are particularly useful in small- and wide-angle X-ray scattering
(SAXS/WAXS) studies to investigate crystalline structure at the nanoscale and we have adapted our
experiments to access these ranges at the ALS.2 In the cases described here, multiple spectroscopy
techniques are used when investigating a system to acquire comprehensive insights into the chemical
environment. We note that there are many other methods available to probe heterogeneous processes
both in an in situ and multimodal manner, and we point the interested reader to these comprehensive
reviews.” 19 Methods such as neutron scattering* & NMR spectroscopy?? have been deployed to probe
heterogeneous processes and in this perspective we compare two examples of using such methods when

describing phase changes in a plastic crystal” and reactivity in a Diels Alders reaction,® respectively.
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Figure 1. An overview of the spectral band and related experimental tools used to probe the systems
described in the present perspective. (A) THz time-domain spectroscopy coupled to absorption through a
Teflon/quartz window in a Specac cell that has been adapted for measuring phase changes with
temperature & chemical reactions. (B) A microfabricated Si-based ATR chip reactor that is used to perform
temperature-dependent studies on chemical reactions, molecular growth processes & phase changes. (C)
An aerosol apparatus coupled to a soft X-ray beamline at the ALS used to perform X-ray spectroscopy and
scattering together in in-situ Raman spectroscopy to study solvation, proton transfer and hydrogen bonding.
Also shown is a quartz slide on which aerosols are deposited within the spectrometer and probed via Raman

spectroscopy. (D) A capillary-based heated reactor incorporated into a hard X-ray beamline at the ALS to



study phase changes, nucleation, and crystallization with SAXS/WAXS coupled to in-situ Raman

spectroscopy.

At Berkeley Lab, our team has successfully developed a series of micro-reactors integrated with both
synchrotron- and non-synchrotron-based spectroscopic techniques (Fig. 1), to establish a molecular-level
understanding of the dynamics in heterogeneous systems. Our experimental setup includes a commercial
THz system (Tera K15, Menlo Systems), a Bruker VERTEX 70 FTIR spectrometer with a silicon-based
attenuated total reflection (ATR) device (IRUBIS) for MIR and FIR measurements, and various fiber coupled
probes at 532 nm for Raman spectroscopy measurements.” * Our spectroscopic measurements benefit
from the ALS synchrotron facility, including a soft X-ray velocity map imaging (VMI) spectrometer at
Beamline 9.0.1,%> as well as micro-reactors interfaced to the SAXS/WAXS beamline using 10 keV
monochromatic X-rays at Beamline 7.3.3.8 Our experiments are bolstered with ab initio computational
analysis when possible. By integrating these state-of-the-art techniques and approaches, we have
established a robust and versatile platform for achieving an unprecedented molecular-level understanding

of a variety of systems described in this perspective.
Hydrogen-bonded systems in condensed phase

Self-assembly of biomolecules. Self-assembly generally involves multiple steps; although fast equilibria are
challenging to monitor, slow rate-determining steps can be readily tracked using the aforementioned
spectroscopies combined with computational approaches. Arginine (Arg), an amino acid, was investigated
as a prototype molecule to study these processes, since it has a flexible molecular structure with a
guanidinium head group and an alpha amino acid tail concatenated by a hydrocarbon backbone. The first
example is the self-assembly process of Arg and oleic acid (OA), shown in Fig. 2A.° The guanidino group in
Arg facilitates the formation of molecular Arg-OA pairs through hydrogen bonds.** While most
spectroscopic techniques used to investigate the self-assembly processes emphasized their functionality,
such as characterization, morphology, crystallography, and pH- and concentration-dependence, few
studies have approached these systems from a kinetic perspective, especially when the system is far from

equilibrium.
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Figure 2. (A i) Schematic depicting the self-assembly process of Arg-OA aqueous solution; (Aii) THz spectra
collected for the first 10 minutes at the Arg-OA interface of 0.7 M pH = 11 arginine solution. The red and
green curves are the calculated THz spectra of the 2 lowest-lying conformers and the black thick curve is
the linear combination of the 2 calculated spectra weighed by their populations at 298K; (A iii) SAXS spectra
collected during the first 10 minutes at the Arg-OA interface. The black arrows in each frame indicate the
position change of each peak. Adapted from Ref. 6. Copyright 2020 American Chemical Society. (B i) The
crystal lattices of monoclinic and FCC NPG; (B ii) THz spectra, showing the solid-to-solid phase change at
41°C. The inset shows the THz absorption difference between monoclinic and FCC NPG in comparison to
inelastic neutron scattering dynamic structure factor of monoclinic (azure) and FCC (orange) NPG from Ref.
17; (B iii) The IR spectra when doping with different proportions of LITFSI salt. Adapted from Ref. 7.

Copyright 2022 Cell Press. (C i) Water uptake within a carbon nanotube; (C ii) The proposed mechanism



and the temperature-time curve measuring the onset of freezing using a customized electrowetting system.
Inset pictures are the sample in liquid and solid phases during the experiment, and the scale bar is 2 mm.
Adapted from Ref. 18. Copyright 2020 American Chemical Society; (C iii) Preliminary ATR-FTIR
measurement of a fully hydrated carbon nanotube (red) compared to the work by Dalla Bernardina et al.

(blue)®®. The signal beyond 3700 cm™ is due to gas-phase water.

Previous studies have suggested that the self-assembly process of arginine and fatty acids (FA) is favored
under strong basic conditions.?” 2! The proposed mechanism begins with the formation of Arg-FA pairs,
which self-assemble into micelles. These micelles continue to grow into multi-layered vesicles and
ultimately aggregate into sponge-like structures.? 2 Utilizing THz and SAXS (Fig. 2A ii and iii), we have re-
investigated the self-assembly of Arg and oleic acid (OA), a Cys fatty acid.® Our study focused on the initial
10 minutes when sponge-like aggregates rapidly accumulated in the solution. During this period, conditions
within the reactants are far from equilibrium and are diffusion-controlled. The SAXS results suggested that
the formation of Arg-OA pairs and micelles is via a fast equilibrium. The successive build-up process into
vesicles is observed in the SAXS spectra, with aggregate sizes reaching up to 200 A. Previous scanning
electron microscope investigation reveals that various-sized vesicles co-exist in the system.?! These seed
aggregates serve as building blocks for constructing larger-scale sponge-like structures, held together by
hydrogen-bond networks involving water molecules. The final product is very stable and is not affected in
strong acidic and basic environments.® While we used density functional theory (DFT) calculations to
support our experimental results, we note that calculating THz spectra using single-molecule
representation is notoriously challenging, particularly for solid crystalline states due to the insufficiently
accurate treatment of weak intermolecular interactions.?? Nevertheless, the resemblance between the
calculated and experimental THz spectrum did suggest that the self-assembly aggregates exhibit a loosely
bound structure without a repetitive crystal lattice pattern having strong intermolecular interactions. Also,

this intrinsic structural difference in Arg-OA aggregates renders solid-state calculations unsuitable.

Hydrogen-bond network in a plastic crystal. Hydrogen bonds are a subset of non-covalent interactions that
exist when a highly electronegative atom attracts a hydrogen atom that is bonded to another
electronegative atom (A%-Hé*......B). Often considered as weak interactions, water hydrogen bonds possess
dissociation energies of approximately 3 — 5 kcal/mol, while the strongest one can reach 40 kcal/mol.?
Prior experimental investigations have employed X-ray diffraction (XRD)* and inelastic neutron scattering

(INS)?® to examine hydrogen-bond networks. THz spectroscopy, due to its sensitivity to weak interactions,



is frequently employed to explore energetic processes and dynamics therein. Furthermore, hydrogen-bond
networks affect not only the A%-H%* bond (e.g., O-H and N-H bonds) but also the rovibrational modes, and
thus cause peak shifts in IR spectroscopy.?® This sensitivity to rovibrational modes makes IR spectroscopy
an effective method to directly probe the hydrogen-bond network within condensed systems such as
polyols and water. Neopentyl glycol (NPG), a polyalcohol and also a plastic crystal, has recently garnered
attention due to its remarkable barocaloric effects and associated possibility for thermal energy storage.?®
NPG undergoes a solid-solid phase transition from monoclinic to face-centered cubic (FCC) at 41 — 42°C
(Fig. 2B i),® which can be visualized via THz and IR spectra (Fig. 2B ii).” Notably, the THz absorption
difference between monoclinic and FCC NPG mirrors the dynamic structure factor of these two phases as

determined by INS, providing an inexpensive and accessible measurement of the phase transition.” Y

The hydrogen-bond network within NPG is significantly attenuated upon mixing with lithium bis-
(trifluoromethane)sulfonimide (LiTFSI),” %’ a salt commonly employed in Li-ion batteries. Fig. 2B iii presents
the IR spectra of NPG/LITFSI mixtures across a range of molar ratios from 20:1 to 0.25:1. The IR spectra
reveal not only the alterations in the overall spectral profiles but also the specific changes in the O-H bonds
as the concentration of LiTFSI increases. This can be attributed to the less nucleophilic nature of the TFSI
anion, which arises from charge dispersion induced by the presence of strong electron-withdrawing
perfluoroalkyl sulfonyl groups. The TFSI" anion efficiently disrupts the crystal lattice, leading to the
structural change from the freed NPG monomers to an intramolecularly H-bonded steric conformer. This,
in turn, results in noticeable changes to the spectral details. A close examination of the O-H stretching peak
reveals the emergence of intramolecular O-H bonds at approximately 3550 cm™, as opposed to the
intermolecular bonds predominantly observed in pure NPG crystals. An analysis of n(LiTFS)% vs. the
absorption of O-H stretching around 3550 cm identifies a turning point at n(LiTFS)% =~ 30 % (equivalent to
NPG:LITFSI = 2.5:1 in molar ratio), which signifies the highest efficacy of LiTFSI in restructuring the
hydrogen-bond network. Interestingly, the O-H stretching peak for highly concentrated LiTFSI mixtures
exhibits contributions from free O-H stretching even in the absence of intramolecular hydrogen bonds. This
finding reveals the complex and versatile role of LiTFSI in modifying the hydrogen-bond network within
condensed-phase polyalcohol systems.” Notably, DFT calculations for spectroscopy primarily elucidate
rovibrational modes associated with covalent bonds, potentially neglecting subtle peak variations
influenced by hydrogen-bond networks. Nevertheless, a single-molecule representation in DFT calculation,

as opposed to crystal calculations, maintains its utility in facilitating the peak assignment of IR spectra.



Ice nucleation. Water freezing is important in the natural world pertaining to climate change, sea level
change and crucially relevant in many industrial applications. While effective control of ice nucleation
(nucleation temperature, nucleation rate, ice crystal size, etc.) under different environmental conditions is
highly desirable,?® in reality it has proven to be incredibly challenging. Nucleation of ice involves a synergy
of weak interaction-based phase change and external complications such as supercooling,? which renders
its effective control difficult. Ice nucleation can be facilitated and controlled by electric fields both in bulk
and in confinement.?® Previously, simulation and experiment were performed to investigate the ice
nucleation by changing the thickness of a carbon nanotube (CNT)-based dielectric layer and voltage, and
the results indicate a possibility to tune the freezing temperature by varying the electric field (Fig. 2Ciand
ii)."® However, a molecular-level understanding especially the interfacial mechanisms in an electric field is
missing in conventional studies. Fortunately, water in different states can be easily disentangled by
vibrational spectroscopy. A hydrogen-bonding environment can cause peak shift and deform the vibrational
modes of O-H bonds, and thus vibrational spectroscopy can be used to explore the hydrogen-bond network
affected by external factors. A recent study shows that water uptake in CNTs with diameters from 0.7 to
2.1 nm has a combination of different types of phase behavior, such as bulk water, ice, loosely-bound water,
etc. using synchrotron-based IR spectroscopy.'® In the future, we plan to couple our existing silicon-based
ATR device to microfluidics, electrodes, and heating/cooling elements, and mount it to conventional FTIR,
broadband THz, and IR lasers for a comprehensive description of the hydrogen bonding of water and
associated phase changes upon electrification.! The new ATR-based apparatus can also explore the effects
of local electric fields. Our preliminary ATR-FTIR results show similar water uptake behaviors in hydrated
CNT compared to that measured in the literature, with the benefit that these measurements were

performed with a benchtop FTIR and did not require the use of synchrotron-based FTIR (Fig. 2Ciii).

Reactions in microscopic confinement

Growth of metal-organic framewaorks in aqueous solution. Metal-organic frameworks (MOFs) are becoming
increasingly attractive for scientists due to their chemical tunability and high internal surface area.>? These
crystalline materials are comprised of metal ions connected by organic linkers to form porous structures
that can be optimized for a particular purpose, promising a world of molecular-level “crystal engineering.”
However, the synthetic principles behind MOF formation are still in the tinker-and-see stage, and more

often than not rely generally on brute force strategies such as high-throughput screening and trial-and-

error.2* MOF syntheses are described by complex free energy landscapes that determine correlated atomic



and molecular motions over multiple length and time scales. Active kinetic control of emergent behavior
within these systems requires detailed understanding of structural transformation, reaction, and diffusion
kinetics on the system-relevant length and time scales. Hence, we employed a multimodal approach
encompassing wide-angle X-ray scattering (WAXS), Raman spectroscopy, mid-infrared (MIR) spectroscopy,
and far-infrared (FIR) spectroscopy to investigate the growth kinetics of Co-MOF-74 across various length
scales using microscopic volumes of reagents confined either in a capillary or a chip-based reactor.’* WAXS
and FIR spectroscopy provided details about the atomic coordinates and lattice of the MOF, while Raman
and MIR spectroscopy provide molecular information on the linker modes. Plane wave density functional
theory was used to calculate Raman, FIR, and MIR spectra, to assign modes to the experimental spectra,
and to provide a molecular structural view of the MOF. The growth curves of nucleation extracted from the

scattering and spectroscopy measurements are compared to earlier reports in the literature.

We synthesized and analyzed the Coz(dobdc) system (dobdc* = 2,5-dioxido-1,4-benzenedicarboxylate, Co-
MOF-74) within a sealed micro-reactor of 200 pL volume mounted in-situ on an ATR device (Fig. 3Ai).** IR
spectra (Fig. 3Aii) are collected to investigate bonding formation whereas FIR and SAXS/WAXS to elucidate
the information of the hexagonal crystal lattice, with the support of crystal calculations. Several IR spectral
changes were observed, including 580 cm™ for Co—O stretching (Fig. 3A ii) and other peaks from 1100 —
1600 cm™ for carbon backbone bonding stretching. The kinetic traces of Co—0O stretching absorption (Fig.
3Aiii) against reaction time at different temperatures visualize the kinetics of nucleation and crystallization.
We used a mathematical model, developed by Gualtieri et al. to parameterize zeolite growth kinetics, for
simulating crystallization and separating the nucleation and growth rate constants. Utilizing this model,®
the extracted activation energies of 102.0 k) mol? for nucleation and 138.7 kJ mol? for growth are
significantly higher compared to bulk-solution growth kinetics (66.5 and 90.4 k] mol™ for nucleation and
growth, respectively) measurements by Osta et al.>®* When reducing the volume down to 100 plL, the
reaction rate accelerates even further. We hypothesize that the accelerated reaction rate stems from
reactants reaching the surface of the ATR chip more rapidly as the volume decreases. Since heterogeneous
nucleation occurs at sites on surfaces, the ATR chip on the bottom likely serves as a nucleation site,
promptly detecting the newly formed Co-MQOF-74 crystals. Meanwhile, we found that the morphology of
Co-MOF-74 crystals was highly uniform, with an average size of approximately 2 um, which is smaller
compared to previous studies.?*3 These results suggest that not only the reaction kinetics but also
morphology within micro-confined systems may vary significantly from in-bulk conditions. The influence of
solvents (e.g., water) and confinement on accelerating and catalyzing chemical reactions is a very

interesting topic to investigate further and we suggest future directions in the next section.
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Figure 3. (Ai) A molecular representation of the Co,(dobdc). The red balls represent oxygen atoms, brown
for carbon atoms, pale pink for hydrogen atoms, and blue for cobalt atoms. Also shown are the linker
molecule and the relevant vibrational modes for Raman and IR spectroscopy; (A ii) ATR-FIR time-dependent
data collected from a chip-based reactor at a heater temperature of 70 °C. The black spectrum is from MOF
crystals formed on the chip after all solvent has been evaporated off, while the red sticks are from a plane
wave density functional calculation scaled by a factor of 1.1; (Aiii) A kinetic model fitting based on the 580
cm™? peak at 55, 60, 65, 70, and 75°C. The inset shows the corresponding Arrhenius plot where the
activation energies of nucleation (red) and growth (black) can be extracted. Adapted from Ref. 14 with
permission from the Royal Society of Chemistry. (B i) The Diels-Alder reaction of furan and maleic anhydride
with water added to the system, measured by (B ii) THz spectroscopy and (B iii) ATR-FTIR. The IR spectra of
water at 25 °C and ice at -83 °C, extracted from Ref. 39 are also shown with the peak positions marked by
gray dashed lines. The kinetic traces on the right show the evolution of several feature peaks over time for

(Biv) THz and (B v) FTIR, with the reactant concentration kinetics measured by Lilley et al. using NMR.23
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Reactivity within confinement. Recently, “active matter” has been discussed as a topic of interest in the
physical chemistry community and experimental reports have emerged where molecular mobility has been
claimed to be “boosted” in chemical reactions.*® Furthermore, the role of solvent (water) and confinement
to accelerate or catalyze reactions has also been discussed.* The Diels-Alder reaction between furan and
maleic anhydride is moderately exothermic and entropically disfavored (AG is only a few kcal/mol), and
therefore can be easily influenced by external changes such as different types (such as in water, DMSO,
diethyl ether, etc.) and amounts of catalytic solvents. This provides a rich environment to probe the Diels-
Alder reaction as a model for active matter dynamics with experiment and test with theory. Indeed, these
classes of cycloaddition reactions have also been suggested for the storage of thermal energy in bonds due
to their enhanced heat capacity. By their nature, cycloaddition reactions possess both a high AH (providing
large heat capacity enhancement) and high AS (necessary to ensure reactions occur at practical
temperatures), making them uniquely suited to the task and affording a large design space.'* We chose to
investigate the classic Diels-Alder reaction between furan and maleic anhydride (Fig. 3B i) using our micro-
reactors coupled with vibrational spectroscopies. Before measurements, 0.15g of maleic anhydride (>
99.0%, Sigma-Aldrich) was first dissolved in 1.0 mL of furan (> 99.0%, Sigma-Aldrich). Successively, 300 pL
of the resulting clear solution and 100 plL water were added to the micro-reactor. Our preliminary THz and
IR results reveal the reaction kinetics intertwined with diffusion (Fig. 3B ii and iii). Three stages can be
distinguished from the kinetic trace of each peak (Fig. 3B iv and v). The first stage is usually smooth until a
“turning point” appears at about 1 —2 hrin IR and 3—4 hr in THz spectra. Lilley et al. have also investigated
the reaction kinetics using NMR.®® Our kinetic measurements of maleic anhydride via IR (Fig. 3B v) follows
the similar depletion kinetics of reactant measured by NMR. However, in our system, a slight retardation
caused by diffusion occurs at the first hour whereas no diffusion was observed over the course of reaction
from NMR measurements. Earlier studies reported that significant diffusion occurs especially at the initial
stage of reactions.®® Since furan is not miscible with water, the diffusion may exhibit more complex
behaviors. The faster kinetics observed from IR than THz was due to the fact that ATR monitors the bottom
of the reactor where water micro-droplets aggregate, causing stronger diffusion and associated catalytic
effects. Future work will investigate the hydrogen-bond networks and the dynamics under different types

and amounts of catalytic solvents to visualize the overall reactivity influenced by the diffusion of the system.

Probing aerosols with X-ray spectroscopy, vibrational spectroscopy and X-ray scattering
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Hydrogen-bond networks in aqueous glycerol aerosols. The hydrogen-bond network within a composite
system implicates co-solvation and may exhibit significant differences from pure substances, depending on
the concentration of each component. We focus our efforts on using poly-alcohols, particularly glycerol, to
develop an understanding of the molecular heterogeneities that occur upon their interaction in aqueous
co-solvent systems.*? These poly-alcohols show significant deviation from ideal behavior upon mixing with
solvents, and ions in the bulk environment which is directly a result of micro heterogeneity and liquid-liquid
phase separation and solid-solid phase changes, respectively. This complex behavior provides a rich
tapestry to test hydrogen bond dynamics, probe solvation and confinement, and map nucleation and

crystallization events.

There have been many experimental and theoretical attempts to understand the mechanistic details of the
hydrogen-bond network upon mixing glycerol with water. However, a molecular-level picture of glycerol
water mixtures, particularly in aerosols, remains opaque. To visualize the hydrogen-bond network of
glycerol-water aerosols, we used velocity map imaging X-Ray photoelectron spectroscopy (Fig. 1C)
pioneered in our group to study solvation, proton transfer and chemical reactivity.* Since oxygen is present
in both water and glycerol, by comparing the O 1s XPS spectra with C, we will disentangle the contributions
of water and glycerol to the hydrogen-bond network. The molecular heterogeneities that occur in the
associated solutions from which these aerosols are generated were connected at the structural level by
coupling the XPS results to a chip-based ATR-FTIR and THz time-domain spectroscopy analysis. The C 1s and
O 1s X-ray photoelectron spectra at different glycerol water concentrations are shown in Fig. 4A. In the C
XPS spectrum, a broad peak is observed between 296-287 eV which should be representative of the glycerol
content of the aerosol beam, whereas a similar broad peak is observed between 542-534 eV at the oxygen
spectrum and its contribution is from both glycerol and water. The contributions to these peaks will arise
from the gas and condensed phase components of the mixture. In Fig. 4A, we fitted the experimental data
with two Gaussians to represent the gas (292 eV) and condensed phase (290.5 eV) component and the sum
shows the fit to the experimental data reasonably well. Our analysis is in good agreement with both
experimental* and theoretical literature® in the case of binding energy shifts and peak positions (540 and
538.5 eV) shown in the 1 mol% data (almost completely water) of the O 1s spectrum. By obtaining the
amplitudes of the peaks shown by the Gaussian distributions in Fig. 4A, we can extract the changes in the
condensed phase contributions at the C and O 1s levels respectively as a function of concentration. In the
C distribution, the intensity shows a sharp rise from 1 mol% to 23 mol% and then gradually drops down in
intensity to 78 mol% concentration. In the O intensity distribution, the peak rises steadily between 1 —9.5

mol%, drops at 16 mol%, then a small rise until 23 mol% and then continues to drop in intensity. The
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intensity drop at higher glycerol concentration is due to enhanced evaporation of the glycerol molecules

and upon water addition, results in mutual depression of vapor pressures slowing down the evaporation.
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Figure 4. (A) Condensed-phase C and O XPS intensities as a function of glycerol mol%. The insets show the
C 1s and O 1s XPS peak intensities. Three regions corresponding to glycerol-water networks are indicated
in colored regions, red (X1) is solvated water, green (X2) is confined water and blue (X3) is bulk glycerol
network. (B) Comparison of dielectric relaxation trend for solvated water (&3) with O 1s XPS intensities of
water extracted by normalizing total O signal from C signal. Also shown is a representation of the four types
of hydrogen-bond networks identified using a combination of X-ray, THz and FTIR spectroscopy. (C) ATR-IR
spectra obtained for different glycerol-water concentrations. Also shown are wavenumber trends for four
vibrational modes: (I) OH stretching band, (ll) CO stretching, (Ill) asymmetric CH2 stretching, and (IV)

symmetric CH2 stretching. Adapted from Ref. 46. Copyright 2021 American Chemical Society.
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The Cintensity distribution has one prominent peak at 23 mol% and that of O shows two peaks at 9.6 mol%
and 23 mol% which could be due to changes in the hydrogen-bond network. Similar trends were observed
in a dielectric and THz study performed by Vinh and coworkers,*” in aqueous solutions of glycerol. We
performed parallel THz and IR measurements which corroborate and set the stage for the description of
the hydrogen-bond network observed in the mixtures. Considering the bulk water system where all
hydrogen bonding is between water molecules, adding glycerol results in their accumulation in the
hydration layer. Since each glycerol can bond with 6 water molecules, the number of waters in the
hydration layer also gradually leads to a formation of a layer of solvated water. From dielectric relaxation
calculations, a critical glycerol concentration of ~7.5 mol% was obtained as the maximum number of water
molecules in the hydration layer,*” whereas in the O 1s XPS, the first major feature observed at 9.5 mol%
probes this solvated water network (region Xi in Fig. 4A). Adding more glycerol into the mixture, results in
water being replaced by glycerol molecules forming predominantly a network of glycerol with confined
water (region X,). A second, less intense feature observed at 23 mol% is attributed to this glycerol-water
network. The low intensity of the signal can be explained by having the O atom contribution only from
glycerol, since water is embedded inside the glycerol cluster and XPS is only sensitive to the surface. For
the C XPS intensity, the peak at 23 mol% matches with O XPS intensities further justifying our explanation.
After, 23 mol%, at high glycerol concentrations, the system mostly behaves as bulk glycerol (region Xs) and
the O XPS intensity gradually decreases due to low number density of the aerosol particle owing to

evaporation.

We performed THz-TDS measurements of the glycerol water solutions to discern the hydrogen-bond
network patterns suggested by the XPS analysis and dielectric studies mentioned in the literature.*’
According to the dielectric trends, solvated water peaks at 7.8 mol% and confined water peaks at 31 mol%
is in excellent agreement with the two features observed in the XPS results. As XPS is sensitive to the surface
layer of the aerosol, contributions to the condensed phase signal of water in O 1s XPS can only arise from
solvated water. Thus, &5 dielectric constant of solvated water and pure water O XPS intensities should have
a similar distribution. The O condensed phase signal has contributions from both pure water and glycerol,
and only glycerol will contribute directly to the C XPS signal. Therefore, to extract the trend of water
contribution to O 1s XPS signal, the O XPS intensity distribution was divided by the C XPS intensity
distribution. As shown in Fig. 4B, almost a perfect match is observed, demonstrating a correlation between

the XPS and THz measurements. A molecular picture correlated with this dielectric analysis emerges by
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probing the glycerol water mixture with ATR-FTIR spectroscopy (Fig. 4C). Short hydrogen bonds are formed
between water with inner CHOH and outer CH,OH groups of glycerol while long hydrogen bonds are formed
with outer CH,OH groups. At high concentrations, more intermolecular interactions are formed between
glycerol molecules and spectroscopy indicates bonds are formed between the H of CH; groups and the O
of COH groups. Three regions are identified through changes in the CH, spectra: In the first region (4 — 9.5
mol%), glycerol is solvated by water and backbone CH; groups can form weak CH---OH bonds. In the second
region (9.5 — 22.7 mol%), weakening of the hydrogen bonding caused by water being replaced by glycerol
molecules in the confined water network is observed. At this point, water tends to bond more with the
glycerol hydroxyl group and weaker glycerol OH groups form interactions with the alkyl backbone. Finally,
a smaller change is seen by adding more glycerol into the system forming glycerol clusters in the bulk

glycerol network.
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Figure 5. (A) N 1s XPS spectra of aerosols generated by nebulizing aqueous solutions containing 0.5 M

nicotine at pH 2, pH 6, and pH 10.4. The black line is the experimental spectra, and the dashed red line is a
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convolution of the free-base (orange) and protonated (purple) nicotine. The bottom panel corresponds to
DFT-calculated spectra for free-base nicotine (Nices), protonated nicotine (Nicp) and a 70%/30%
combination thereof. The DFT values are shifted by 1.8 eV on the absolute scale to overlap with the
experimental results. (B) N K-edge NEXAFS spectra of aerosols generated by nebulizing aqueous solutions
containing 0.5 M nicotine at pH 2, pH 6, and pH 10.4. Adapted from Ref. 48. Copyright 2023 American

Chemical Society.

X-ray spectroscopic analysis of nicotine protonation in aqueous aerosols. A new generation of electronic
cigarettes is exacerbating the youth vaping epidemic by incorporating additives that increase the acidity of
generated aerosols, which facilitate uptake of high nicotine levels. We need to better understand the
chemical speciation of vaping aerosols to assess the impact of acidification. The extent of nicotine
protonation in the aerosol particles was determined by XPS and NEXAFS, which allows for interrogation of
the aerosol surface and the particle core, respectively. To investigate the effect of protonation, solutions
of aqueous nicotine 0.5 M at pH 10.4, 6, and 2, were nebulized into the aerosol VMI spectrometer for
subsequent analysis. The N 1s level XPS spectra are presented in Fig. 5A, and the signal could be fitted by
two partially-overlapping gaussian curves with maxima at 404.8 and 407.3 eV. To understand the nature of
the N 1s peaks, we used DFT calculations and relevant literature on similar nitrogen-containing molecules.
The bottom panel of Fig. 5A corresponds to a DFT calculation of the XPS spectrum for the free-base (Nices)
with a maximum at 403.1 eV, for a nicotine molecule protonated on the pyrrolidinic ring (Nicp) with two
maxima at 403.4 and 405.8 eV corresponding to an unprotonated pyridinic N atom and a protonated
pyrrolidinic N atom, and for a 70%/30% combination of both. The DFT values are shifted by 1.8 eV on the
absolute scale to overlap with the experimental results. The observed N 1s shift of ~2 eV upon nicotine
protonation is qualitatively similar to our previous observations for arginine and histidine.*® >° For the
neutral pyridinic system, albeit in the condensed organic crystal phase, there is a single peak that splits into
two upon protonation and a binding energy shift upon protonation, to the blue of the neutral case. The
fraction of neutral free-base nicotine, ars, was calculated by summing the corresponding areas of neutral
and mono protonated fitted gaussian curves and free-base nicotine predominated over the protonated
species, with ars = 0.72 to 0.80 across this wide pH range. This is very different from what is observed in

solution at low pH (high acidity), where the dominant form should be diprotonated nicotine.

Analyses of the N K-edge NEXAFS spectra to describe the nicotine speciation at the core of the particles are

presented in Fig. 5B. We used previous experimental and theoretical studies on organic crystals to decipher
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the spectra and provide a qualitative analysis of the peak positions and shape. Ge et al.>?

using quantum
mechanical/molecular mechanical methods on isonicotimide and comparing it to the results of Edwards et
al.>? showed that the X-ray absorption spectra was sensitive to proton transfer and the nature of hydrogen
bonding. Guided by these studies, we interpret the strong peak shown in Fig. 5B for pH 10.4 at 399.0 eV
emanating from the mi* orbital of the pyridinyl nitrogen. In Fig. 5B for pH 2, two peaks of almost equal
intensity show up at 399.0 eV and 401.0 eV, the second peak originating from a m,* orbital, with an absolute
value of 399.1 eV. Ge et a/.>* suggest the second peak has major contribution from a protonated nitrogen
orbital, with an absolute value of 401.2 eV calculated by theory. In addition, the peak shape at the post-
edge region between 400 — 415 eV shown in Fig. 5B is captured very well by the theoretical calculations of
Ge et al. for both NEXAFS spectra at low and high pH. This analysis provides compelling evidence that the
core of the aerosol does show more protonation as a function of pH compared to what was obtained by
XPS from the surface described earlier, as can be seen in the change in peak heights of the m;* and m,*
peaks located at 399.0 and 401.0 eV respectively. To quantify these results, we used literature spectra of
pyridine and pyrrolidine molecules in the crystalline phase to generate a synthetic NEXAFS spectrum for
free base nicotine and the spectrum of the structurally similar sarcosine to generate the protonated
spectra. From this we obtained the fraction of neutral free-base, ars and compared to the particle surface
results. The fraction of free-base in the core of the particles was lower and more sensitive to the solution
pH, changing from ars = 0.34 in basic medium to ars= 0.05 at the most acidic tested condition in agreement
with the analysis of the m* peak analysis described earlier. This study contributes to a growing body of
evidence illustrating differential acid-base properties due to reduced hydration of ionic species at the

surface of aerosol particles with respect to their core, and to bulk aqueous conditions.>

Future Directions

Deep eutectic solvents. Deep eutectic solvents (DES) are an important class of eutectics that are considered
as alternatives to conventional organic solvents and ionic liquids in many applications owing to their
versatile characteristics.®® DESs consist of a hydrogen bond donor and an acceptor and to-date model
studies have focused on mixtures of choline chloride (ChCl) and poly-alcohols.> At specific compositions,
these form a eutectic mixture which resembles many characteristics of ionic liquids and organic solvents
thanks to their complicated inter and intramolecular hydrogen-bond network.® Charge transfer and
delocalization effects and the consequences on the hydrogen-bond network remain unresolved and

controversial. Furthermore, hydration tends to make an already complex system even more difficult to
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understand. Similar to the glycerol/water system, nano-structuring, and phase separations are also invoked
in DESs.>® Recent work on understanding the microstructure in DESs have successfully employed
combinations of vibrational spectroscopies, X-ray scattering, and theoretical calculations to investigate DES
mixtures at different compositions and DES-cosolvent mixtures.>”>® From our perspective, we will focus on
coupling X-ray spectroscopy (especially NEXAFS) & scattering to vibrational spectroscopy to provide a
unique view of the microstructure and dynamics in DES systems. We will start with the classic DES, glyceline
(composed of ChCl and glycerol) phase system to understand how the changes in hydrogen-bond network
lead to a eutectic mixture at specific concentrations. Beyond using THz time-domain spectroscopy and chip-
based ATR-FTIR spectroscopy and X-ray spectroscopies, we propose to use Raman spectroscopy and X-ray
scattering to shed new light into the underlying structure and dynamics. Probes which allow us to access
low-frequency regions of the Raman spectrum up to 40 cm™ will be coupled with photoelectron
spectroscopy (PES). PES at the Cl L, 3-, CK-, N K-, and O K-edges of glyceline will unravel the local electronic
structure of the mixtures. Raman spectroscopy will be used to probe both the hydrogen-bond networks of
the mixture using low-frequency modes, and probe intermolecular and intramolecular interactions in
glyceline using the fingerprint and C-H and O-H stretching regions of the spectrum. Theory will play a crucial
role in allowing us to decipher the electronic structure of these hydrogen bonded system and

corresponding disruption of these bonds.

Hydrogen bonded organic frameworks. Connecting phase-change materials (PCMs) (vide infra) and DESs are
hydrogen-bond networks and the changes impacted on them by including inorganic salts, which can be
extended to build a new class of materials, hydrogen bonded organic frameworks (HOF). HOFs are porous
solids that are self-assembled by organic molecules through hydrogen bond interactions.>® Since hydrogen
bonding is much weaker than the covalent and electrostatic bonds that drive the formation and stability of
MOFs and covalent organic frameworks (COFs), the design rules for synthesizing these networks are still
emerging and not clear at present.®® However, the reversible nature and the weakness of the hydrogen
bond, coupled with the ability to select the molecular backbone and hydrogen bonding moieties does allow
synthesis in benign and green solvents (even water) and easy separation, purification and regeneration.
Hence there has been an explosion of studies recently to try and understand the underlying kinetics and
mechanisms of formation, and phase change dynamics that occur upon the input of external stimuli.
However, fundamental understanding is still lacking at the molecular level and connecting structural details
to the bulk crystal has proven elusive. We seek to understand hydrogen bonding in two systems which have
garnered enormous interest recently in which we understand the X-ray spectroscopy of some of their

constituent moieties. The first system is prepared from cationic tetra-amidinium or anionic tetra-sulfonates
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components of Crystalline Porous Organic Salt-6 (CP0O-6),%% %2 while the second is based on the formation

of a bicarbonate salt upon incorporation of CO; on to a glyoxal-bis(iminoguanidine) (GBIG) salt (Fig. 6).63

Beyond enormous potential for new materials for energy storage, transport, and carbon capture, the study
of HOF dynamics may also answer fundamental and controversial questions on the nature of hydrogen
bonding, such as the invocation of anti-electrostatic forces in their formation.®* For instance, there is a lot
of work being performed on phosphate-based systems to try and decipher what leads to anion-anion
interactions and how hydrogen bonding can actually stabilize complexes and larger systems. Evidence is
garnered from X-ray crystallography in the solid state as to how hydroxy-anions dimerize and subsequently
polymerize by overcoming long-range electrostatic repulsion. The short-range hydrogen bonds that form
between the anionic donor and acceptor are what is termed an anti-electrostatic hydrogen bond. Indirect
evidence for these kinds of bonding in phosphate systems in aqueous systems is provided by early work
using Raman spectroscopy and more recent work from crystal structures derived from receptor stabilized
anion-anion dimers, UV vis spectroscopy, isothermal calorimetry, and NMR spectroscopy.®®> However, an
unequivocal observation of anti-electrostatic hydrogen bonding in phosphate solutions is lacking, and we
hypothesize that X-ray spectroscopy coupled to vibrational spectroscopy could be a path forward. We have
undertaken preliminary measurements of aqueous phosphoric acid solutions, and tracked changes in the
XPS and NEXAFS spectra while varying concentrations and pH. The XPS data for 2M concentration at the O
K- and P L,3-edges are shown in Fig. 6C and 6D to demonstrate the feasibility of the approach. A
determination of NEXAFS spectra particularly to understand ion partitioning between the core and surface
of the aerosol, in conjunction with theory will be required to understand the nature of hydrogen bonding
in these aerosols. Recently we used such an approach to study ammonium nitrate aerosols,® and while we
used DFT to calculate the binding energies to decipher the XPS spectra, we did not have the tools to study
NEXAFS theoretically. In that work we suggested that the nitrate anion has a slight propensity for the
surface, while both ammonium and nitrate ions are present in equal measure in the bulk. In Fig. 6A and 6B,
we show the N K-edge & S L, 3-edge NEXAFS spectra generated from an ammonium sulfate aerosol, a
system of much interest in earth’s atmosphere®” and possibly also on other planets.®® Superimposed on
that figure are literature spectra for ammonium generated from a liquid jet® and theoretically calculated
using time-dependent DFT calculations performed by Carter-Fenk and Head-Gordon.”® These types of
theoretical calculations using coupled clusters’t and the more recent time-dependent DFT’® provide
profound insight into the nature of solvation and hydrogen bonding embedded in the NEXAFS spectra. In
the case of the S L,3-edge NEXAFS, we could not find any literature theoretical results to compare to,

however, our spectra fit reasonably well with the literature experimental data.”? It is entirely possible that
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the dynamics of hydrogen bonding are tied up with proton transfer in this highly protic system. Recent
evidence for this is provided by coupling dielectric spectroscopy, quasi-elastic neutron and light
scattering.” In this work, it was determined that protons move via short jumps (0.5 — 0.7 A) and the
Grotthuss mechanism of proton hopping was invoked. Molecular dynamics simulations provide insight into
the hydrogen-bond network in agueous phosphoric acid systems and directly implicate proton transfer as
being responsible for the topology.” Graph theory showed that the phosphoric acid hydrogen-bond
network is highly robust even up to 50% addition of water, however the reverse is true for water’s network.
Even a slight addition of phosphoric acid to water leads to a complete breakdown of water’s hydrogen-
bond network, and is effectively a structure breaker. We believe that X-ray and vibrational spectroscopy
employed by us to decipher the hydrogen-bond network in glycerol-water systems will also provide critical

insight into an understanding of the nature of hydrogen bonding in the phosphoric-acid water system.
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Figure 6. Schematic depicting ammonium sulfate aerosols with XPS and NEXAFS detecting surface and bulk
respectively. (A) N L-edge NEXAFS spectra generated from an ammonium sulfate aerosol (in black with
errors constrained in green). The red line is a theoretical calculation from Ref. 70 using TDDFT, and the blue
line is the data from literature generated using liquid jets from Ref. 69. (B) S L,3-edge NEXAFS spectra

generated from an ammonium sulfate aerosol (in black with errors constrained in green). The blue line is
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data collected from sulfate aerosols deposited on a filter and measured using scanning transmission X-ray
microscopy, from Ref. 72. Also shown in the figure are molecular structures for the CPO-6 precursors,®% 62

the crystallization pathway for GBIG,® and the hydrogen bonding in a phosphoric acid dimer.

Finally, we introduce a new direction being undertaken at Berkeley Lab to couple soft X-ray scattering to
directly probe free aerosols in vacuum. Many years ago, we successfully demonstrated this approach by
using VUV light to probe Mie scattering on silica nanoparticles.” Scattering is a valuable method for
providing information both on structural changes during phase transitions and on dimensions of
crystallization nuclei at the relevant, nanometer length scale. Performed in resonance (with absorption
edge) conditions using soft X-ray radiation, the technique allows for probing chemical composition of the
system under study. There is an emerging body of work where X-ray scattering (SAXS/WAXS) using tender
and hard X-rays to study structure particularly in levitated droplets relevant to aerosol chemistry.”® 77
Herein, we describe how we have coupled an X-ray detector to our aerosol apparatus to simultaneously
perform X-ray scattering with spectroscopy (Fig. 1C). We note a similar approach has been undertaken at
the ALS for grazing incidence studies on surfaces.” Our technique allows for a complete multi-modal and
in-situ way of probing aerosol chemistry and also processes such as crystallization and growth processes in
HOFs and DES systems. We showcase a recent result using oleic acid as an example which acts as a
surrogate for atmospheric aerosols, and as there is SAXS literature on the effects of humidity and ozonation
on this particular molecule.”® 7’ Furthermore, we have knowledge of X-ray spectroscopy of similar organic
aerosols®™”° coupled with an understanding of its vibrational and scattering properties based upon our own
recent work on its self-assembly with arginine.® The formation and nucleation of particles from gas-phase
precursors, physical and chemical processes on the particle surface and in the bulk span a range of temporal
and spatial scales. These aerosols can exist in different phase states: solid, liquid, and highly viscous, which
can change the atmospheric fate of these particles.?% In viscous, diffusion-limited aerosols, species at the
aerosol surface are expected to react more rapidly than molecules residing in the nanoparticle interior,
forming steep chemical gradients. Surface-sensitive techniques, such as soft XPS, coupled with X-ray
scattering will probe phase changes and structure simultaneously and will be of enormous benefit. Fig. 7A
shows the C K-edge NEXAFS spectra from 1-um-diameter oleic acid aerosol generated via a condensation
monodisperse aerosol generator. At a chosen wavelength from this NEXAFS spectra, we perform X-ray
scattering and an example is shown in Fig. 7B as the result. A section of the raw data is shown, and upon
symmetrization to remove the shadow of the beam block, meaningful Q space results can be obtained. In

the figure are shown the range of Q accessible and the C soft X-ray region. These images will change as
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chemistry occurs on the aerosol and will allow us to capture diffusion dynamics and reaction kinetics under

study within the timescale of the measurement (10 — 30s).
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Figure 7. (A) C K-edge NEXAFS spectra, and (B) X-ray scattering from a 1 um oleic acid aerosol. On the

right is a schematic of the oleate anion.

Conclusion

As the world warms up, sequestering carbon dioxide, extracting water from ambient air, and storing energy
in hydrogen bonds are some scientific directions that motivate us. To tackle the challenges of decarbonizing
energy sources and mitigating climate change, we will need new infrastructure and ways of probing the
complex chemical environments required for energy generation, storage and transport. In the last few
years, we have learned to be nimble and deploy resources between table-top spectrometers and
synchrotron from which the X-rays emanate. The Advanced Light Source (ALS) is over 30 years old, and will
soon be replaced by a diffraction limited light source. In addition, Berkeley Lab is going through a renovation
in space and infrastructure (indeed some buildings being replaced date from the Manhattan project in the
40’s) and plans are afoot to build a Chemical Observatory. The vision is to have multiple experimental
platforms within large, open laboratory spaces equipped with access ports to deliver X-rays from the
revamped ALS coupled with traditional “lab” based tools such as lasers, electron & force microscopes, and
nuclear magnetic resonance spectrometers. The initiative to upgrade the ALS to a diffraction-limited
storage ring will provide full transverse coherence in its light output, perhaps as early as 2027. This will
provide new capabilities that bridge local and global dynamics, connecting fundamental electronic,

structural, and chemical dynamics with the collective phenomena of extended systems. Emerging
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exceptionally powerful X-ray spectroscopy methods such as X-ray photon correlation spectroscopy, and
resonant inelastic X-ray scattering with sub-natural line width will be enabled to probe hydrogen bonds.
We have embarked on a path where we seek to adiabatically build upon what has been achieved so far and
transition it towards this new way of doing science in the 21°t energy. One can imagine a space where X-
rays coupled to vibrational spectroscopies on the nanoscale will probe the molecular and structural
dynamics of a hydrogen bonded organic framework which will one day be part of an energy storage

framework/infrastructure that will make our world a cooler and sustainable place to live in.
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