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Probing self-assembly in arginine-oleic acid solutions with terahertz spectroscopy and X-
ray scattering

Wenchao Lu,* Emily Zhang,“? Chandika Amarasinghe,” Oleg Kostko ¢ and Musahid Ahmed ¢*
“ Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
bCollege of Chemistry, University of California, Berkeley, California 94720, USA

* E-mail: mahmed@Ibl.gov

Abstract

A study of the formation of microstructures in the reaction of oleic acid with arginine elucidates dynamical
self-assembly processes at the molecular level. Terahertz spectroscopy combined with density functional
calculations reveals the initial hydrogen bonding motifs in the assembly process, leading to the formation
of micelles and vesicles. Small-angle X-ray scattering measurements allow for kinetic analysis of the
growth processes of these nanostructures, revealing a pre-nucleation pathway of vesicles and micelles
which lead to sponge-like structures. This final stage of the assembly into sponge-like aggregates is
investigated with optical microscopy. The formed structures only occur at pH > 8 and are resistant to
extreme acidic and basic conditions. A mechanistic pathway to the formation of the sponge-like aggregates

is described.
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Nucleation and subsequent crystallization/aggregation is at the heart of various scientific disciplines,
however, the understanding of the molecular mechanisms underlying phase separation and the formation
of the first solid particles in aqueous solution is rather limited.! The role of pre-nucleation clusters as solute
precursors in the emergence of a new phase is a theme that is being pursued to understand crystallization
and aggregation beyond classical nucleation theory.” This has enormous ramifications for the self-assembly
of natural or synthetic amphiphiles to build well-defined nanostructures with controllable function at the
molecular level, which are driven by non-covalent interactions. We seek to develop the link between the
chemical speciation of homogeneous solutions and the process of phase separation using arginine as a test
case of biomolecule assembly followed by its reaction with oleic acid to form self-assembled nanostructures.
Arginine has a flexible molecular structure, composed of a guanidinium head group and a-amino acid tail
held together by an aliphatic hydrocarbon backbone. The protonation of the guanidinium group and the
deprotonation of the carboxyl group leads to a zwitterionic structure. Coupled with the unique properties
of the planar guanidinium group, this allows for intermolecular and intramolecular interactions, such as
hydrogen bonding and ionic interactions, which leads to very interesting solvation, nucleation, and
aggregation dynamics. This alteration in the strength of hydrophobic interactions allows for a strategy to
tune it to optimize molecular recognition and self-assembly processes,® act as a glue for modulation of
biomolecular function,* and find application in methods for cell penetration® and drug delivery.® It has been
suggested that the guanidinium group in arginine can self-associate and act as a glue in protein and other
biological assembly processes via stacking of the side chains in arginine residues and by salt bridges formed
between the like-charge ion pair and the C-terminal carboxyl groups demonstrated recently using SAXS
and theoretical calculations.” Early work using electrospray mass spectrometry also alluded to cluster
formation in arginine solutions (albeit in very low concentrations at 10* M and pH = 3.1)* while large
clusters are also implicated in liquid fatty acids, which are saturated and can aid in nucleation and
subsequent crystallization.’

Zhang and co-workers,® ¢ 10

in a series of papers, studied the phase behavior and self-assembling
properties of unsaturated fatty acids with arginine as a function of external conditions (pH and temperature).
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In the case of oleic acid, using microscopy, transmission electron microscopy (TEM), and IR analysis of
titration curves, they postulated a tentative molecular mechanism for the rich structural dynamics displayed
in the system. They put down the observed formation of micelles, vesicles, and sponges under various
conditions due to the subtle interplay of electrostatic-hydrophobic interactions and hydrogen bonding. In
another study, a low-level molecular dynamics calculation'! of the free energy landscape in arginine oleic
acid interactions showed the guanidinium groups encounter an energy barrier 3 times weaker to bind fatty
acids relative to amino groups. However, a clear molecular-level picture of kinetics and mechanistic details
remain elusive, notwithstanding these studies, and we devised an experimental approach to use molecular
and structural tools to probe the structural growth processes in the aqueous arginine-oleic acid (Arg-Ole)
system.

We used terahertz (THz) time-domain spectroscopy and small-angle X-ray scattering (SAXS) to probe
the growth kinetics and density functional theory (DFT) calculations to corroborate the structural and
spectroscopic details obtained in the experiment. THz radiation provides a means to probe phase changes
and hydrogen bond dynamics in aqueous solutions. For instance, phase changes that lead to subsequent
crystallization from aqueous solutions have been revealed by probing the water dynamics in aqueous
CaCO;'? and tartaric acid solutions'? with THz spectroscopy. Recently, THz time-domain spectroscopy has
been used to probe the ion-induced changes in water dynamics and lipid structure in vesicles'* and
micelles'®. X-ray scattering has proven to be an invaluable tool in probing structure in both ordered and
disordered media, particularly in the 1 — 100 nm size regime with SAXS, and is finding increased use for
in-situ probing of nucleation and crystallization processes in aqueous media. In the context of understanding
pre-nucleation complexes in growth mechanisms, glycine (the smallest amino acid) has been studied with
dynamic light scattering'® and also SAXS.!” Very recently, the self-assembly in glycolipids (glucose-
disaccharides with an oleic acid tail) as a function of pH was used to track the formation of micelles, fibers,
vesicles, and bilayers. The importance of deprotonation of the carboxyl group in the acid tail was

highlighted via simulated fits to the SAXS pattern.'® Another recent in-situ SAXS study of polymerization



induced self-assembly in aqueous emulsions provides a framework and model to extract structural
information, particularly nucleation and micelle formation from an analysis of the scattering patterns. '

The experiments to measure growth was performed in a quartz cuvette in the case of THz radiation
and in a quartz capillary for the SAXS measurements and are described in the experimental section. Oleic
acid was added to arginine solution at different concentrations in a quartz cuvette (THz) or capillary (SAXS),
resulted in the formation of white aggregates instantly and steadily grew at the interface of the two liquid
phases (inset of Fig 1¢). Fig. 1 shows the experimental results for the first 10 minutes of reaction time under
each condition, with 7y being set to when the reaction began. Spectra were collected at different pH values
ranging from 2 to 11. To investigate concentration effects, we choose 0.7, 0.5 and 0.1M of arginine solution
at pH = 11. The THz spectra (Fig. 1b — 1d) reveals four absorption bands: 0.3, 1.2, 1.5 and 2.4 THz. The
peak at 1.5 THz only becomes significant at higher concentrations (0.5 M and 0.7 M), and its intensity
increasing with time, possibly arising from the formation of the aggregates at the liquid interface. The
intensity profiles increase more rapidly with time and concentration, notice how the 0.7M concentration
shows much more apparent changes within 10 min compared to the case of 0.1M.

Previous studies have suggested that, in aqueous solution, arginine shows a monotonically increasing
absorption spectrum which broadly resembles the spectrum of pure water (Fig. S1 in SI);?° in contrast, in a
microcrystalline form (several tens of microns), it shows a peak at around 1.0 THz at room temperature,
which becomes very sharp with a decrease in temperature and shifts to the blue.?! This was attributed to
arise from anharmonic intermolecular vibrational modes in the microcrystal. THz spectroscopy has also
been used to probe oleic acid and oleic acid-water mixtures (together with rapeseed oil).?* Crystalline forms
of saturated fatty acids (even numbers of carbon, between 12 — 20) were measured with THz spectroscopy
between 0.5 to 3 THz between 96 and 293 K.? Three frequency bands were identified at low temperature
which progressively disappeared with an increase in temperature. DFT calculations suggested that these
peaks arose from large amplitude motion of the carbon tails about the central carboxylate head. From the
literature data and comparing to our own measurements, we deduce that the spectrum at the interface of

arginine and oleic acid cannot occur from either aqueous arginine or oleic acid.



To understand the THz spectral contribution of the white aggregate at the interface, DFT calculations
were carried out with a polarizable continuum model (PCM) which can account for dispersion forces of
bulk water. Previously we had used this model to develop pH-dependent structures in arginine to explain
experimental observations in the photoelectron spectrum and mass spectrometry in aqueous aerosols.?* On
the basis of our previous study,?* four arginine tautomers (z-, zat-, t-, and c-) were extracted to build Arg-
Ole monomer in the current study. Several Arg-Ole conformers built upon z- and zat-Arg tautomers were
obtained and remain at lower relative Gibbs free energy at 298K (AG), whereas those built upon ¢- and ¢-
Arg have AG at least 15 kcal/mol higher. Fig. 1a presents the most stable conformer for each tautomer
category. All the other geometries of Arg-Ole conformers considered in the current study together with
their THz spectra are summarized in Fig. S2 — S3 in SI. The DFT results revealed that for each conformer,
the arginine moiety is paired with oleic acid via two hydrogen bonds between the guanidinium group of
arginine and carboxyl group of oleic acid. We also discovered that certain optimizations converged to non-
hydrogen bonded pairs, with lower electronic energies but at much higher AG. In the context of free
energies and self-assembly, Whitelam et al. has reviewed several self-assembly pathways and ascribed them
into two categories:* the first category starts from a near-equilibrium assembly state and has a relatively
simple free-energy surface. The process could be a single step or multiple steps, with AG < 0 for each step.
The second category is far from equilibrium, and the free-energy surface is biased by dynamic effects. The
Arg-Ole system, which follows a multiple-step liquid-to-aggregate pathway triggered by isotropic short-
range interactions, falls within the first category, and the overall free energy reduces as the self-assembly
proceeds. As a result, these non-hydrogen bonded Arg-Ole structures can be safely ignored because high
AG prevents the self-assembly processes and cannot be captured within the timescales of our measurement.

The THz spectra for the most stable conformers of z- and zat- tautomers are calculated and shown in
red and green lines labeled as 1 and 2 in Fig. 1b, and the peak positions are associated with the vibrational
modes of hydrogen bonds between arginine and oleic acid (Fig. S4 — S5 in SI). A superimposition of the
two conformers weighed by their population at 298K is shown as a thick black curve in Fig. 1b — 1d, and
assists in describing the THz profile. We tentatively suggest that the THz peaks correlating to the calculated
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single Arg-Ole monomer provide a qualitative picture of the hydrogen bonding network measured within
the white aggregate and is not an artifact of the measurement. The Arg-Ole aggregates exhibit a much larger
molecular flexibility due to the nature of a sponge-like structure without a repetitive crystal lattice. Similarly,
the THz calculation based on Arg-Ole monomer within a solvation cavity suggests a relatively larger
amplitude of motions compared to crystals, which is in agreement with our experimental observations.
Fig. 1e — 1g present the SAXS spectra recorded for 0.7, 0.5, and 0.1M of arginine with oleic acid, with
concentrations and reaction conditions being the same as previously used for THz spectroscopy. From the
SAXS spectra, we can extract the average sizes of the particles from the Q-vector (x-axis) and the intensity
is represented in the y-axis. The intensity within each measured dataset is poorly reproducible since the X-
ray beam might not probe the same density of particles, and there could be diffusion between the interfacial
aggregation region and neighboring liquid phases. However, the Q-vector remains highly reproducible for
each dataset, indicating a reliable averaged particle size formed inside the liquid mixture, and thus shows a
statistical significance (see Fig. S6 — S8 in SI for all the SAXS datasets). The SAXS spectral evolutions of
time for the three concentrations are summarized in Fig. 1e — 1g. The four peak positions at 0.13, 0.11, 0.08,
and 0.03A"! correlate to averaged particle sizes of 48, 55, 80, and 180A respectively. A composite peak
around 0.12A"! is present regardless of concentration, with the peak intensities growing stronger as the
concentration increases, particularly correlating to higher particle number densities. It should be noted that
the peaks from SAXS spectra are composite, and the positions of the peaks at 0.08 and 0.03A™! drift along
with time. Thus, the calculated particle sizes shown above are a qualitative descriptor of the average size.
Previous studies proposed that the entire self-assembly process may experience multiple phases, depending
on the concentration of reactants, and that micro-structures of different sizes coexist within the liquid
mixture.*® ¢ Starting from individual Arg-Ole monomers, they first aggregate into micelles, and then grow
up to vesicles or multilayered structures, and finally to large-scale sponge-like aggregates.® ® Qur DFT
calculation shows that for each stable Arg-Ole monomer, the approximate head-to-tail length is around 20A.

Thus, we deduce that the wide composite peak of S0A should correspond to micelle- and vesicle-type



structures, while the 80 and 180A peaks correspond to larger multilayered structures and can act as seeds
for building into sponge-like aggregates.

Amino acids tend to protonate and deprotonate as a function of pH, and this has profound implications
in self-assembly processes and can provide a mechanistic handle to the processes occurring here. The
absence of a detectable interface (white aggregates) between the two liquid phases below pH = 8 suggests
that self-assembly is absent under near neutral and acidic conditions (inset of Fig. 2b). This is confirmed
in the THz and SAXS spectra, where no changes are observed for up to an hour, as seen in Fig. 2b — 2c.
While some ripples might be observed in the THz spectrum, it did not show any strong correlation with the
DFT calculated spectra, in stark contrast to basic conditions shown in Fig. 1b — 1d. Previous studies also
reported that the reaction rate of the Arg-Ole system only became significant above pH = 9.° It has been
suggested that the self-assembly process between arginine and a long-chain carboxylic acid is controlled
by the pK. of the carboxylic acid, on the basis that the carboxyl group is responsive to pH change, switching
between -COOH and -COO~ via deprotonation, and only the deprotonated -COO" is capable in forming two
stable hydrogen bonds with the guanidinium group of arginine.®® ¢ Oleic acid has a pK, of 9.85?7 and a
calculation of the fractional composition (Fig. S9 in SI) confirms that an appreciable population of oleate
anion begins to emerge only when pH > 8. Similarly, arginine has multiple ionization states (Arg, ArgH",
Arg2H?*" and [Arg-H]"), and all the neutral and positive ionization states are capable of forming hydrogen
bonds except for [Arg—H] (only dominant at pH = 14) due to intermolecular Coulombic repulsion. Thus,
the pH dependence of self-assembly in the arginine and oleic acid can be explained by this molecular
mechanism.

A factor to consider in self-assembly is the process of reversibility, indeed, unsaturated fatty acids can
easily self-assemble into micelles and vesicles and these structures are reversible by adjusting the pH
value.?® In comparison, micelles, and vesicles formed in the Arg-Ole system serve as transition structures
that contribute to the formation of macroscopic sponge-like aggregates as seen in the SAXS analysis. It
remains questionable whether the formation of these sponge-like aggregates is reversible by varying the pH
value. With this in mind, we first added strong acid and base to the white aggregate to tune the pH from 0
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to 14 (Fig. S10 in SI). However, the white aggregate remained stable and did not dissolve back into the
liquid phase. The only change is that the liquid phase was emulsified at neutral and acidic pH since the
addition of acid neutralized the oleate anion and broke down the micelles and vesicles formed by the oleate
anions themselves. Another trial started from mixing arginine solution of pH = 7 with oleic acid with no
reactions observed. By slowly and carefully adding the base solution, white aggregates formed and
remained resistant to the variation of pH value. Such observation confirms that the final-stage sponge-like
structure is thermodynamically very stable and provides us an impetus to look more into its structure and
morphology.

Previous TEM studies in the Arg-Ole system suggest a complex multiphase dynamical environment
with changes in concentration and pH.® With an increase in arginine concentration, micelles formed,
followed by a coexisting binary system consisting of micelles and vesicles, then a ternary system which
included sponge-like structures and a final binary phase of sponges and oil phase. These experiments were
performed at fairly low concentrations and all the samples were equilibrated until a steady state was reached,
in contrast to our high concentration and pH approach to probe instantaneous dynamics of self-assembly
where the system is far from equilibrium. Whereas earlier, we attempted with THz and SAXS spectroscopy
to extract a structural picture at the molecular level of the dynamic events, we now perform optical
microscopy to examine the phase system at longer timescales to obtain information on the emerging sponge-
like structures. The most interesting aspects of the dynamics revealed from THz and SAXS occur at the
interface of the two liquid phases and we now focus on that part. Optical microscopy reveals that as the two
liquid phases came into contact, they merged into a larger liquid bulge a few millimeters in size, within
which tiny aggregate cores began to grow and coagulate into larger ones driven by surface tension and
diffusion. Within minutes, the aggregates grew to the millimeter scale and sponge-like structures were
observed (Fig. 3a). A cross section of the aggregates was extracted by cleaving it with a cover slide (1 x 17
in size) and the subsequent image reveals the framework of the sponge-like aggregates surrounded by

numerous tiny liquid droplets (Fig. 3b).



The SAXS spectral profiles in Fig. 1 show changes within the first 10 min, which allow for kinetic
analysis for the Arg-Ole systems at different concentrations and pH = 11. As pointed out previously, the
SAXS intensity is poorly reproducible due to the sensitivity of the position where the X-ray beam hits, and
the non-uniformity of the particle density caused by diffusion. However, the particle size (calculated from
Q-vector) of each dataset has good reproducibility and thus is suitable for kinetic analysis (see Fig. S11 —
S13 in SI for all the datasets). For 0.1M arginine with oleic acid, we only see the composite peak related to
50A, and its size remains unchanged along the time axis (Fig. 4a). This correlates to the initial stages of
assembly from the Arg-Ole pair to micelles and vesicles, which is in dynamic equilibrium. The density of
the particles (reflected by the SAXS intensity) slowly accumulates over time; however, the low
concentration does not boost the buildup into larger multilayered structures. As the concentration increases,
for 0.5M and 0.7M arginine, another two groups of peaks begin to emerge besides the 50A composite peak,
relating to an average size of 80 and 180A (Fig. 4b — 4c¢). As seen in Fig. 1e — 1g, the particle density at the
interface steadily increases. The stabilization of the intensity for 0.7M arginine indicates saturation of
micelles/vesicles around 5 min, accompanied by the consumption of these smaller structures for the
formation of larger seed aggregates. Immediately after the reaction begins, another two peaks emerged,
corresponding to the larger multilayered structures that are gradually aggregating from smaller
micelles/vesicles. It is interesting that the sizes of those larger multilayered structures, unlike micelles and
vesicles, increases with time, suggesting that the micelle/vesicles are acting as pre-nucleating complexes
and are metastable in nature. Mechanistically, these multilayered structures serving as building blocks are
necessary for the construction of large-scale sponge-like aggregates visible under optical microscopy. From
Fig. 4b and 4c, the slopes of the lines corresponding to multilayered structures indicate the “buildup rate”.
For 0.5M arginine with pure oleic acid, the “buildup rate” of multilayered structures is slower compared to
that of 0.7 M Arg-Ole. The rate constant for growth at 0.7 M Arg-Ole is evaluated as 3 — 10 A/min. This
confirms that the buildup process is concentration-dependent, and a higher concentration boosts the

formation of larger-scale structures.



We herein propose the initial stage mechanism for the self-assembly process of Arg-Ole, focusing on
the first 10 min immediately after the reaction occurs, when the conditions within the reactants are far from
reaching a steady state and controlled via diffusion. Thus, multiple phases of self-assembly adducts may
coexist simultaneously. Right after the instant that two liquid phases mingle with each other, arginine and
oleic acid dispersed within the solution are immediately paired via hydrogen bonds and aggregate into
micelles. Then, more Arg-Ole pairs adhere to and assemble into vesicles for the reduction of the total free
energy and equilibrate. The successive buildup process into seed aggregates is observed by SAXS spectra,
and aggregate size up to 200A is captured. This process is also dependent on the concentration of reactants,
as a higher concentration can accelerate the buildup process. These seed aggregates work as the building
block for the construction into larger-scale sponge-like structures held together by the hydrogen-bonding
network of water. At the final equilibration state, white aggregates emerge at the interface of liquid phases
which is visible with optical microscopy. Microscopically, a molecular understanding of such sponge-like
aggregates also emerges from an analysis of the THz spectra and correlated to DFT calculations.

To conclude, this study provides a dynamic and kinetic perspective on the growth mechanisms at a
molecular level for Arg-Ole, which expands on previous phase transition mechanisms and the
corresponding morphology at the steady state. The existence of a non-classical pathway to growth will
provide impetus to new experimental and theoretical investigations to probe this system. The stability of
the sponge-like aggregates under strong acidic and basic conditions could potentially pave the way for

developing biocompatible functional materials.

Experimental Section

Chemicals. Oleic acid was purchased from Sigma Aldrich (analytical grade) and L-arginine from Fluka (99%,
NT). Three arginine solutions with concentrations of 0.1, 0.5, and 0.7 M were prepared using deionized water followed
by adding pure oleic acid. Hydrochloric acid (37%, Sigma Aldrich) and sodium hydroxide solution (2M, Titripur)
were diluted and used to adjust the pH of the arginine samples in the range of 0 to 14, measured by an Oaklon

Instruments pH 510 Benchtop Meter.
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Terahertz Spectroscopy. Terahertz (THz) spectra were recorded on a Menlo Systems TERA K15 spectrometer.
Spectra of Time (ps) vs. Amplitude (mV) and Frequency (THz) vs. Intensity (dB) was obtained using the Menlo
Systems Scan Control with the THz beam size of 3 mm (H) x 10 mm (W). The sample was placed in a quartz cell,
with the dimension of 1 mm for both the window thickness and the sample thickness confined between the windows.
The arginine solution of various concentrations was first added to the cell, and oleic acid was then added at the instant
the spectrum collection began. The collection time for each spectrum was set to 100 seconds. Reference spectrum was
scanned by placing an empty sample cell. The spectral resolution for the measurement based on a gas-phase line at
1.413 THz was 8 GHz. The environment was purged using nitrogen gas to reduce the effects of gas-phase air and
water vapor. LabVIEW was used to automate data collection. THz spectra were analyzed using Menlo Systems
TeraMAT software. The time-domain waveform was truncated to remove Fabry-Perot reflections in our measurements
which reduced the high-frequency noise. A Newport Agilis Piezo Motor was installed to move the sample cell in the
vertical direction perpendicular to the laser propagation with a step size of 1 mm. Datasets were collected by both
scanning across the cuvette and by keeping the cuvette immobile at the interface position.

Small-Angle X-Ray Scattering. Small-angle X-ray Scattering (SAXS) measurements were conducted using 10
keV monochromatic X-rays at Beamline 7.3.3 of the Advanced Light Source, Lawrence Berkeley National Laboratory.
The SAXS beam size is about ~ 300 um (H) x 700 pum (W). During SAXS measurements, a thin-walled quartz
capillary (1.5 mm O.D., Charles Supper Company) infused with arginine solution of various concentrations was placed
horizontally in front of the X-ray beam shutter. Pure oleic acid was injected via a syringe pump immediately before
SAXS measurements. The exposure time was set to 10s for each measurement, which was collected consecutively up
to 10 min. A camera was placed near the capillary to monitor the instrumental conditions during measurements and
provided snapshots at different times of reaction. Before the reaction, the distance from the capillary to the detector
was calibrated using a silver behenate standard. The raw data were processed using the Nika package?® embedded to
Igor Pro 6.37 software to get the SAXS spectra of Q-vector to intensity.

Microscopy. The microscopic images were taken using a Zeiss (AXIO Examiner Z1) microscope with the
magnification of 20 to 50 X. A mercury lamp was used and tuned for the illumination, and a computer-controlled
CCD camera is connected to the ocular lens so that images could be taken directly from the computer program. During

operation, a drop of each reactant was placed on a slide, and the eyesight was focused on the interface of the two liquid
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phases. A cover slide was then used to sandwich the white Arg-Ole aggregates formed into a thin layer for clearer
observation of the morphology.

Computational. All the calculations were performed using the Gaussian 09 package.’ Geometries of arginine
were optimized at ®B97XD/6-31g(d,p) level of theory with the polarizable continuum model (PCM)?! for the implicit
solvent effect and calculated structures together with its energetics were consistent with the literature.?* Based on these
geometries, the structures of Arg-Ole adducts at various ionization states are thus generated and optimized.
Successively, frequency analyses were performed for each structure, and the corresponding spectra are convoluted to
an FWHM of 0.1 THz for each THz spectrum. Zero-point energies and Gibbs free energy corrections were scaled by
a factor 0of 0.974.32 The convergence criteria we used for our calculation are the default ones with RMS force criterion
to 3 x 10**. For those geometries that are difficult to converge, GDIIS method and ultrafine integration grid are used.
It is well-known that the calculation of THz spectrum is notoriously difficult especially for solid crystalline states
using single-molecule representation, which is due to a lack of accurate treatment of weak intermolecular interactions,
especially the long-range forces.?* However, in our case, the self-assembly aggregates exhibit a very loosely bounded
structure being less similar to a repetitive crystal lattice in real crystals where strong intermolecular interactions exist.
Such intrinsic structural difference of the Arg-Ole aggregates invalidates the solid-state calculation. On the other hand,
the calculated THz spectrum for our system using single-molecule representation correlates quite well to the

experiments and assures us the validity of our calculation.

Supporting Information

The THz spectra of Arg solutions, DI water and pure oleic acid; All Arg-Ole conformers considered in this study
together with their calculated THz spectra; the most significant vibrational modes of z- and zat- conformer in Fig. 1a;
all other SAXS datasets; the fractional composition charts of each ionization state for Arg and oleic acid; photos

showing the stability of Arg-Ole aggregates at the pH range of 0 — 14; and kinetics of all datasets for comparison.
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Figure 1. (a) The most stable Arg-Ole conformers built from 4 arginine tautomers (z-, zat-, t-, and c-),
optimized at the ®@B97XD/PCM/ 6-31+G(d,p) level of theory; (b) — (d) THz spectra collected for the first
10 minutes at the Arg-Ole interface of 0.7, 0.5, and 0.1M, pH = 11 arginine solution. The red and green
curves in (b) are the calculated THz spectra of the z- and zat- conformers in (a), and the black thick curve
is the linear combination of the 2 calculated spectra weighed by their populations at 298K. The inset in (c)
shows the formation of white aggregates upon addition of pure oleic acid to 0.5M arginine solution; and (e)
—(g) SAXS spectra collected during the first 10 minutes at the Arg-Ole interface of 0.7, 0.5, and 0.1M, pH
= 11 arginine solution. The black arrows in each frame indicate the position change of each peak.

16



[
o
=)
o

o

0.7M,pH=6 ——Omin ——20min 0.7M,pH=7 Zmin —4m!n
—— 40min —— 60min 6min 8min
2 - g 0.004 10min 12min
e’ ] 5 e |:14m|n
f‘; J\{"’, £ < 0.003 -
< 2
) gl
Qo c
cebi i p% |
] o =
T AN ;
. —~— =
T T T T T 0 T T T T T T
0 0.5 1 1.5 2 25 3 0 005 01 015 02 025 03 035
Frequency / THz Q-Vector / A

Figure 2. (a) The lowest-free-energy conformer of ArgH'-Ole optimized at ®B97XD/PCM/6-31+G(d,p)
level of theory; (b) 0-, 20-, 40- and 60-min THz measurement at the Arg-Ole interface of 0.7M, pH = 6
arginine solution. The red curve is the calculated THz spectra derived from the structure in (a). The inset
shows two clear immiscible liquid phases without reaction; and (¢) SAXS spectra of the first 14 minutes at
the Arg-Ole interface of 0.7M, pH = 7 arginine solution.
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Figure 3. (a) The microscopic image showing morphology and structure of the “sponge-like” aggregates
formed via self-assembly of Arg-Ole system; and (b) a thin-layer cross-section view of the aggregate slice.
The dark-colored dots represent liquid droplets from the two liquid phases.
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Figure 4. The kinetic analysis of first 10 minutes of the SAXS peaks at the Arg-Ole interface of (a) 0.7, (b)
0.5 and (¢) 0.1M, pH = 11.

19



20





