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Abstract

The molecular distribution at the liquid-vapor interface and evolution of the hydrogen bond
interactions in mixtures of glycerol and choline chloride are investigated using X-ray
photoelectron spectroscopy (XPS) and Raman spectroscopy. Nanoscale depth profiles of
supersaturated DES mixtures up to ~2 nm measured by ambient-pressure XPS shows the
enhancement of choline cation (Ch") concentration by a factor of 2 at the liquid-vapor interface
compared to the bulk. In addition, Raman spectral analysis of a wide range of DES mixtures
reveals the conversion of gauche-conformer Ch" into the anti-conformer in relatively lower ChCl
concentrations. Finally, the depletion of Ch" from the interface (probing depth = 0.4 nm) is
demonstrated by aerosol-based velocity map imaging XPS measurements of glyceline and water

mixtures. The nanostructure of liquid-vapor interfaces and structural rearrangement by hydration


mailto:mahmed@lbl.gov

can provide critical insight into the molecular origin of the deep eutectic behavior and gas

capturing application of DESs.
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Deep eutectic solvents (DESs) are considered sustainable alternatives to conventional
organic solvents and ionic liquids because of their affordability, biodegradability, and low
toxicity.!™ DESs are not limited to being used as solvents, but are finding applications in gas
capture>® and thermal energy storage systems.””'! Most DESs consist of a hydrogen bond donor
and an acceptor where their hydrogen bond interactions can significantly lower the freezing point
of the solvent at specific compositions (i.e., at the eutectic point).'>'> Due to the complex inter-
and intramolecular hydrogen bonding network, the physical characteristics of eutectic mixtures,
such as viscosity, solvent polarity, and heat capacity, resemble those of ionic liquids and organic
solvents.!"!*1® The ability to tune these hydrogen bond interactions to target specific physical

characteristics is what makes them particularly attractive.!”""”

One of the most studied DESs is glyceline (melting point, m.p. = 233 K), a 1:2 molar
mixture of Choline Chloride (ChCl, m.p. = 575 K) and Glycerol (Gly, m.p. = 291 K).#?%22 When
mixed to form a DES, ChCl and Gly act as hydrogen bond acceptor and donor, respectively. There
are numerous studies that aim to link these molecular interactions with the physical properties of
glyceline, including but not limited to dynamic viscosity, structural relaxation, and heat
capacity.!”>*-26 Notably, charge transfer and delocalization effects and the consequences on the

1.7 Similar to the

hydrogen bonding network of this system remain unresolved and controversia
glycerol/water system, studied using X-Ray and vibrational spectroscopy,?® nano-structuring, and
phase separations are also present in glyceline.?®?* Furthermore, when water is added to the
system, hydration effects make it more challenging to understand an already complex
intermolecular structure.?%3%34 Therefore, gaining a molecular level understanding of interactions

between ChCl and Gly is an important stepping stone on the path to designing and developing

unique DESs for sustainable chemical processes in various industrial and environmental



applications.>>38

Diverse experimental tools have been used to increase our understanding of the hydrogen
bond interactions and molecular properties leading to the distinctive properties of DESs. Turner
and Holbrey utilized neutron diffraction measurements to develop a detailed picture of the
hydrogen bond structures in glyceline, including extensive Gly---Gly networks and bridged
interactions of Ch*---C1---Gly.?” Hydrogen bonds govern the molecular diffusion rate in DESs as
shown in nuclear magnetic resonance (NMR) studies by D’Agostino et al,>*** while NMR was
also used to probe these time-dependent hydrogen bond dynamics.***! Raman and infrared (IR)
spectroscopy, classic tools for probing hydrogen bond interactions through molecular vibrations,
have been used to study the mechanism of DES formation*? and the destructive effect of water on

the extended hydrogen bond structures in DESs. 304344

In contrast, the interfacial molecular distribution of DESs is not as extensively studied
compared to the intermolecular structures in the bulk solutions.!® Gaining knowledge of this
interfacial structure is important because the potential applications of DESs are directly related to
the physicochemical properties at the interface. For example, understanding of the liquid-vapor
interface is crucial in designing DES system for greenhouse gas capture.™ Likewise, the liquid-
solid interface plays a critical role in using DESs for extraction technologies.!®!** While not
extensive, there have been several experimental and simulation studies of the nanostructures in
liquid-solid interface of DESs.*? In case of the liquid-vapor (or gas) interface, however, there is
a dearth of experimental studies to elucidate the interfacial behavior. Few computational studies
have explored the orientation of hydrogen bond donors at the liquid-vapor interface.’'? Very
recently, Gera et al. observed the water-induced depletion of urea and Ch™ at the liquid-vapor

interface of reline (i.e., a 1:2 mixture of ChCl and urea) using Sum Frequency Generation (SFG)



and Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR).>?

In this paper, dilute to supersaturated compositions of binary ChCl and Gly as well as
ternary mixtures with water will be examined by complementary spectroscopic techniques to
understand how the evolution of the hydrogen bond network and interfacial properties are
correlated.>* The molecular distribution of Ch* and Gly at liquid-vapor interface will be examined
by ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) of supersaturated ChCl and Gly
mixtures and corresponding depth profiles on the nanoscale will be determined by tuning the X-
Ray photon energy. The changes in hydrogen bond interactions and molecular conformation of
Ch" will be provided by the Raman spectral analysis of varying molar ratios of ChCl and Gly
mixtures. Finally, to unravel the effect of water on the liquid-vapor interface of glyceline, results
from surface-sensitive velocity map imaging (VMI) XPS of glyceline and water mixtures will be

presented.>

C 1s X-ray photoelectron spectra and the Gaussian deconvolution of 3:1 and 5:1
supersaturated ChCl:Gly mixtures are shown in Figure 1. We note that the initial mixing molar
ratios of 3:1 and 5:1 does not represent the actual molar ratios of samples under analysis because
the mixtures include both solid and liquid phases. The solid phase of the mixture is undissolved
ChCl. Photoelectron spectra presented here represent only the liquid phase since the X-ray beam
only interacts with the outermost liquid layer of the supersaturated mixture samples. In Figure 1a
and 1b two two peaks and a shoulder are clearly discernable from the spectra at the lower photon
energies (hv =390 and 480 eV), which can be translated to 3 peaks in the Gaussian fitting. These
three Gaussian peaks centered at 286.0, 287.3, and 288.8 ¢V binding energy (BE) are assigned as
quaternary ammonium C (C-N%), alcohol C (C-O), and gas phase alcohol C (C-O), respectively.

These assignments are in line with the XPS binding energy data of C-N* and C-O from the



literature.>>%

To further verify the peak assignments, velocity map imaging XPS measurements were
performed on reference samples - for pure glycerol and glyceline (ChCl:Gly = 1:2) aerosols at hv
=325 eV as shown in Figure S1. Clearly, the shoulder near 285.9 eV appears in the XPS
spectrum of glyceline aerosol, which is absent in the spectrum of pure Gly aerosol (Figure S1).
The quantitative values of intensity (a), position (b), and width (c) parameters used for Gaussian
deconvolution of AP-XPS data are tabulated in SI Table 1. The consistently larger intensities of
the 286.0 eV (C-N") peak with varying photon energies (Figure 1b) are consistent with the 5:1
mixture having a higher ChCI content compared to the 3:1 mixture, thus a higher degree of

supersaturation is achieved in the 5:1 mixture as one can expect.

Figure 1 also clearly demonstrates the decrease of C-N* peak as the X-ray energy
increases from 390 to 900 eV in both mixtures. The energy of the incident photon determines the
kinetic energy of excited photoelectrons, which is related to the probing depth of the
measurements. Photons with higher energy generate photoelectrons with larger kinetic energy,
leading to a larger inelastic mean free path (IMFP).%® Using the universal curve equation, one can
estimate the IMFP of photoelectrons as a function of kinetic energy and average atomic number
of the system.%® Moreover, the integrated area of C-N* and C-O peaks can be translated into the
molar ratio of Ch" and Gly by accounting for the contribution from each species: Ch" contains 4
C-N* and 1 C-O while Gly consists of 3 C-O carbons (Figure 1¢). Therefore, if the molar ratio
of Ch" and Gly in the solution is x to /-x, x can be obtained by solving the following equation at

each probing depth.

4x
3-2x

Area(C— N7) : Area(C — 0) = (1)



The resulting depth profiles of Ch* to Gly ratio acquired from the AP-XPS spectra are shown in
Figure 1d. The probing depth, i.e., the IMFP of photoelectrons, of each measurement is given in

nanometer (nm) scale.

Here, the decrease of Ch" content with respect to the Gly was observed in both
supersaturated mixtures. This behavior may arise from the different hydrogen bond interactions
near the surface and the bulk of the supersaturated mixtures. Unlike dilute ChCl:Gly mixtures,
supersaturated mixtures probed by AP-XPS in this study are abundant with chloride anions (CI°).
At the liquid-vapor interface of glycerol, the concentration of CI can be enhanced at the
outermost region of the interface within 0.5 nm according to a recent neutral impact collision ion
scattering spectroscopy result by Kumar et al.%! In addition, they revealed that the surface
propensity of Cl” is independent of the counterions, leading us to infer that CI" can be enhanced at
the liquid-vapor interface in our system of interest (ChCl and Gly).®' Concurrently, CI- at the
interface can effectively interact with C-H of choline cations through halogen-hydrogen bonding

forming ion pairs, thus producing higher XPS signal of C-N* near the surface.®?

This argument is further supported by formation of a series of doublets shifted to lower
BE in the AP-XPS spectra of Cl" in the higher X-ray energy as shown in Figure S2. AP-XPS
measurements of O 1s and N s core-levels with Gaussian deconvolution are also presented in
Figure S3 and S4. For CI" AP-XPS, only one pair of doublets from spin-orbit interaction of CI’
(2p12 and 2p312) can be observed in the spectra near the interface (hv = 390 and 480 eV, <lnm
depth). However, the rise of a new pair of doublets which is red-shifted by ~1.2 eV is clearly
discernable for higher energy spectra (hv = 735 and 900 eV, >1.5 nm depth). This red-shifted
doublet is an indicator for the ClI” participating in the relatively weaker interaction with Gly

compared to Ch*---CI". According to the XPS study of NaCl solution by Ammann et al., a red-



shift of 1.8 eV was observed between frozen and liquid solutions.®® This observation agrees with
our result where solvation of ion pairing leads to the BE red-shift of Cl 2p doublets (this work:
Ch"™--CI"/ Ammann ef al.: Na"--CI"). The difference in red-shift values (~1.2 eV vs 1.8 ¢V) may
be due to the different interaction of Cl” with counterions (Ch" vs Na*). Accordingly, one can
visualize that at the interface, the CI ions are strongly bound to Ch", and this ion paring is
interrupted by Gly a few nanometers below the interface. This experimentally observed
nanometer-scale heterogeneity at the liquid-vapor interface of ChCl and Gly mixtures suggests
that the interfacial enhanced CI" and Ch* could play a role in gas-DES interactions relevant to
technological applications. Therefore, when designing a DES system for gas capturing, the

interfacial properties of hydrogen bond donor should be thoroughly evaluated.

To investigate the changes in the hydrogen bonding network as a function of ChCl
content, a series of Raman spectra were measured for varying molar ratio mixtures of ChCl:Gly;
ranging from dilute (1:3) to supersaturated (5:1) as well as pure ChCl and Gly. Two different

regions (600 — 1400 cm™! and 2700 — 3300 cm™) of the Raman spectra are presented in Figure 2.

Raman spectra below 600 cm™ are displayed in Figure S5. In the 600 — 1400 cm™! range of the
spectrum (Figure 2a), characteristic vibrations of pure liquid Gly include COH out of plane (op)
wagging at ~680 cm™!, C-O stretching at ~810 cm™!, C-C-C symmetric stretching at ~840 cm™!, C-
O stretching at ~920 cm’!, C-O-H scissoring at ~970 cm™, C-O stretch at ~1050 and 1120 cm™,
and CHz bending coupled with COH scissoring at ~1250 cm™.** Signatures of Ch* vibrational
peaks from pure ChCl include a sharp N-C4 symmetric stretch at ~715 cm™, asymmetric N-Cs4
stretches at ~860, 900, and 940 cm™', C-C stretch at ~1040 cm’!, and a C-O stretch at ~1080 cm’!
(Figure 2a).*> For every mixture, the Raman spectra show characteristic peaks from both

compounds with a weighted intensity contribution from each compound depending on the mixing



ratio.

However, the Raman spectra of the mixtures are not simply a linear combination of ChCl
and Gly spectra. It is clearly noticeable in Figure 2a that the small peak near 760 cm™' emerges in
relatively dilute mixtures (1:3, 1:2, and 1:1). Notably, the 760 cm™ feature does not belong to
characteristic vibrations of pure ChCl or Gly but arises from the C-N stretching mode of the anti-
conformer, as opposed to the strong N-C4 symmetric stretch of the gauche-conformer at ~715 cm’
16465 This anti-conformer peak of Ch™ has been observed in aqueous solutions of ChCl and choline
dihydrogen phosphate ([Ch][DHP]) salts as well.%*%® The intensity ratios of anti (760 cm™) to

gauche (715 cm™) versus mixing ratio of ChCl:Gly are displayed in Figure 3.

In pure ChCl, the gauche-conformer C-N stretch peak is predominant because of the
interactions between Cl" and Ch", which is thermodynamically favorable in the gauche geometry
(two C-H:--CI" and O-H---CI").%2 On the other hand, in dilute mixtures (1:3, 1:2, and 1:1) Ch* ions
are dissolved by Gly and form hydrogen bond networks through donor (Gly) — acceptor (Ch")
interactions, and weaken the interaction between CI- and Ch". It is known that CI™ can also act as
a hydrogen bond bridge between Ch* and Gly.*° Therefore, the structural relaxation of ChCl due
to the hydrogen bond donor-acceptor interactions result in the formation of anti-conformer Ch*
ions in relatively dilute mixtures.® It is interesting that as the concentration of ChCl in the mixture
increases and reaches supersaturated states (3:1 and 5:1), the anti-conformer peak near 760 cm™!
disappears and the gauche peak at 715 cm™ dominates. Due to the crystalline-dominated phase of
these supersaturated mixtures (Figure S8), the major contribution to the obtained Raman signal is
from the ChCI crystal. This observation also suggests that the dominating hydrogen bond
interaction in supersaturated mixtures are between Ch™---CI" rather than Ch*---Gly or Ch™---CI’

---Gly. As suggested by Faraone et al, the deep-eutectic behavior diminishes in supersaturated



mixtures because the hydrogen bonding network of Gly, which is essential for deep eutectic

character of glyceline, is broken by a high concentration of ChCl.%*

Spectral features from the higher wavenumber region (2700 — 3300 cm™) in Figure 2b also
provide valuable information about the evolution of hydrogen bond interactions. For the pure Gly
spectrum, only two peaks near 2880 and 2950 cm™! are discernable, which can be assigned to the
CH> symmetric and asymmetric stretch, respectively. On the other hand, the pure ChCl spectrum
shows more complex features from 2800 to 3030 cm™' due to multiple C-H vibrational modes. In
general, peaks with frequency larger than 2950 cm! represent symmetric stretch vibrations of CHa
and CHs, and peaks below 2950 cm™ arise from asymmetric stretching of CHz and CH3.*? In dilute
mixtures of ChCl and Gly (1:3 and 1:2), the single asymmetric CHj stretching peak near 3020 cm’

'from Ch" and splitting of CH, asymmetric stretching of Gly near 2950 cm™ were observed.

Interestingly, the 3220 cm™ peak of ChCl appears in supersaturated mixtures (3:1 and 5:1),
which can be assigned to the O-H vibration hydrogen-bonded to CI- (O-H---CI").”° By comparing
this spectral change with lower wavenumber spectra (Figure 2a), it is evident that the intensity
changes of O-H---Cl" peak at 3220 cm' and anti-conformer Ch" peak at 760 cm™ are
anticorrelated, i.e., 3220 cm™! peak appears after the 760 cm™ peak has disappeared. This
relationship is clearly shown in Figure 3. Therefore, the peak at 3220 cm™ can be the indicator for
strong Ch*---CI" interactions, which result from the dominating gauche-conformer Ch" in the

supersaturated mixtures discussed earlier.

To gain further insight about the effect of water on the interfacial nanostructure of
glyceline, a series of XPS spectra were collected from aerosols generated from pure glyceline and
from water mixtures (30, 50, 80 wt% H20), and presented in Figure 4a. The probing depth of

these measurements was ~0.4 nm, as estimated from the electron kinetic energy of ~27 eV.% It is

10



clearly seen in Figure 4a that the addition of water to glyceline decreases the C-N" peak, which
reflects the withdrawal of Ch* from the surface into the bulk. The peak areas of XPS spectra can
be converted into molar ratio of Ch* to Gly using equation (1) discussed earlier. The Ch* to Gly
ratios at the aerosol interface as a function of water content in the mixtures are displayed in Figure
4b. The fitting parameters for Gaussian analysis are given in SI Table II. For glyceline (0 wt%
water), it is possible that the interfacial Ch" content is lower than what is expected because the
surface may be populated with CI" as discussed in the earlier section.®! It can be inferred from the
glyceline aerosol spectrum that unlike supersaturated mixtures, the Ch*---ClI" interaction is not the
dominant one at the interface. Given that the probing depth of aerosol XPS measurements is close
to a thin molecular monolayer (~0.4 nm),*® the XPS spectra in Figure 4a underrepresent the Ch*
content of the entire aerosol volume. It should also be noted that the given wt% of water was
defined in the solution phase, and the actual water content of the aerosol can be lower than the
initial values because the interaction of aerosols and X-ray takes place inside the vacuum chamber

and there will also be evaporation in the aerodynamic lens system.

This unexpected depletion of Ch" at the liquid-vapor interface can be explained by the role
of water and hydration of ions in DES-water mixtures. In glyceline, the hydrogen bond networks
between Ch* and Gly are bridged by CI" according to a molecular dynamics (MD) simulation study

by Weng et al.®

However, when water molecules are introduced, the stronger hydrogen bond
interaction between Cl™ and water starts to dominate the system, thus breaking the established
Ch"---CI'---Gly network. Furthermore, CI is not known to be particularly enhanced at the air-
liquid interface of aqueous solutions as opposed to the case of Cl" in glycerol discussed earlier.-"!

Therefore, addition of water is expected to decrease the enhancement of CI” concentration at the

vapor-liquid interface of glyceline aerosols through the hydration of CI". As a result, Ch" at the

11



surface can also be guided from the surface into bulk by hydration, which can be a more
thermodynamically favorable process.®” The qualitative effect of water to the interfacial
distribution of Ch* and Gly is also consistently observed in aerosols generated from 1:1 and 1:3
ChCl:Gly and water mixtures as shown in the C 1s XPS spectra (Figure S6). It should be noted
that although not enhanced, CI" is not completely depleted from the aerosol interface, as the Cl 2p
signal was observed in all XPS spectra of water mixtures (Figure S7). Therefore, the depletion of

ions from the interface due to hydration is more significant for Ch* than CI.

The results presented in Figure 4 provide additional insights to the current understanding
of hydration of DESs, especially for Ch*. In particular, an air-DES interfacial study of reline
(ChCl:urea = 1:2) and water mixtures by Gera et al. shows that increasing water content in the
system depletes Ch" from the surface above 40 wt% H>0.%* Their results from vibrational SFG
spectroscopy have indicated the surface of the mixture above 60 wt% H2O resemble the spectrum
of pure water.>> This observation agrees with our result from aerosol XPS spectra (Figure 4b).
The XPS spectrum of 80 wt% H>O mixture (Figure 4a) is almost indistinguishable from the
spectrum of pure glycerol (Figure S1) or glycerol-water mixtures, indicating minor surface

t.?® Therefore, these surface behavior of Ch* in two distinct

presence of Ch™ at higher water conten
DESs (glyceline and reline) suggests the interaction between hydrogen bond acceptor and water
(Ch*---H,0) can be the driving force of observed Ch* depletion from the liquid-vapor interface.
This hypothesis is similar to the effect of water in bulk systems, where the water-induced
rearrangement of hydrogen bond interaction in DESs have been consistently attributed to the

increasing Ch'---H,O interactions.>* 2

Both results from AP-XPS measurement of supersaturated binary mixtures (Figure 1) and

aerosol XPS of ternary mixtures with water (Figure 4) provide unique yet complementary

12



information about the liquid-vapor interface of the DES system under investigation. Possible
molecular distribution of Gly, Ch*, CI", and H>O along the liquid-vapor interface to bulk according
to our spectroscopic observation is visualized in Figure 5. In the case of a supersaturated mixture
(Figure 5a), the enhancement of the CI" concentration at the surface results in the CI---Ch"
interaction to be dominant at the liquid-vapor interface, whereas a weaker CI"---Gly interaction
can be found further away from the interface. In comparison, the addition of water to glyceline
causes restructuring of the established Ch*---Cl™---Gly network by hydration (Figure 5b). As a
result, the interface of the water-glyceline mixture is mainly comprised of Gly, H>O, and CI" while

hydrated Ch" ions are depleted from the surface.

The interfacial properties and hydrogen bond interactions in glyceline, a benchmark DES
system, were probed by using a portfolio of spectroscopic techniques. AP-XPS, Raman
spectroscopy, and aerosol based VMI XPS measurements were used to probe the molecular and
atomic distribution at the liquid-vapor interface and hydrogen bond structures of binary ChCI and
Gly mixtures as well as ternary mixtures with water. In supersaturated mixtures (3:1 and 5:1
ChCl:Gly), liquid phase depth profiles of C-N* and C-O from AP-XPS measurements revealed the
increase of Ch" concentration at the liquid-vapor interface possibly due to the surface propensity
of CI" in glycerol. Raman spectroscopic analysis was carried out for a wide range of ChCl and Gly
mixtures to understand the changes in intermolecular interactions as a function of mixing ratio. It
was found that in relatively dilute mixtures (1:3 to 1:1), the absence of the strong Ch*:--CI-
interaction leads to the formation of the anti-conformer of Ch". Meanwhile in supersaturated
mixtures, gauche-conformer Ch” was predominant due to the strong Ch*---Cl interaction as
indicated by the O-H---Cl" peak. Finally, to visualize the effect of water on the liquid-vapor

interface of glyceline aerosols were investigated by VMI XPS spectroscopy. Addition of water to

13



this DES system led to the rearrangement of hydrogen bond structures, and depletion of Ch™ from

the surface of the aerosol was observed.

This study expands the knowledge of not only the interface and intermolecular structures
of glyceline, but of the supersaturated ChCl and Gly mixtures and ternary mixtures with water.
Our observations provide fundamental insights into the hydrogen bond interactions between
molecular ions, atomic anions, and polar molecules when their compositions change. In addition,
we have shown that molecular distribution of the liquid-vapor interface of a DES system can be
different from the bulk, which impact the gas adsorption behavior. Therefore, we propose that the
interface of the hydrogen bond donor-acceptor pair of DESs as well as their interaction with water
must be thoroughly considered when designing novel DESs for more sustainable chemical
processes. Future studies of the DES systems with different hydrogen bond donors (e.g., reline —
ChCl and urea) will likely provide additional information about the relationship between
interfacial nanostructure and hydrogen bond interactions. Furthermore, MD simulations of large
molecular systems of DESs could deliver dynamics of ions and molecules at the interface, which

would greatly benefit and complement the experimental study presented in this paper.

Experimental Methods

Glycerol (>99%) and choline chloride (>99.0%) were purchased from Sigma Aldrich and
used without further purification. Relatively dilute mixtures (1:3, 1:2, 1:1) form homogeneous
liquids whereas supersaturated mixtures (3:1 and 5:1) coexist with liquid and ChCl crystals
(Figure S8). For water mixtures of glyceline, ultrapure water (Milli-Q, 18.2 MQ-cm) was used to

dissolve ChCl and Gly (1:2) with 30, 50, and 80 wt% H>O.

14



AP-XPS measurements were performed at beamline 9.3.2 of the Advanced Light Source
(ALS) synchrotron. A detailed description of AP-XPS can be found in previous publications using
this instrument.’>”® Only supersaturated mixtures were subject to AP-XPS measurements because
viscosity allowed the sample to be placed stably on the vertically mounted silicon substrate in the
instrument. A picture of 3:1 and 5:1 ChCl:Gly mixtures and their survey photoelectron spectra
with 735 eV X-ray excitation energy are presented in Figure S9. The photoelectron signal from
silicon (Si) substrate, Cl 2p, C 1s, N 1s, and O 1s can be clearly identified from the spectra. The
strong Si signal near 100 eV, especially for the 5:1 mixture (Figure S9), indicates that the droplet

under examination was smaller than the size of the X-ray beam of ~1 mm in diameter.

Raman spectroscopic measurements of pure Gly, pure ChCl, and a range of mixtures (1:3
to 5:1) in glass vials were made using a Spectra Solutions Inc. laser probe consisting of a 532 nm
Nd:YAG CW laser with 82 mW average power (Opto Engine). The Stokes-shifted Raman signal
was collected in orthogonal geometry, and recorded with a spectrometer equipped with a
volume-pass holographic grating (Spectra Solutions Inc.) and thermoelectric-cooled charged
coupled detector (Andor) with 1650x200 pixels (4 cm™ resolution). Integration time for each
measurement was 5 seconds. The excitation laser and collected Raman signal were both coupled

via optical fibers.

Aerosol-based VMI XPS measurements were performed at beamline 9.0.1 at the ALS.
Details of the VMI photoelectron spectrometer are described in previous papers from our
group.”>’ In short, aerosols are generated from the atomizer (TSI Model 3076) filled with
glyceline-water mixtures with varying water content and introduced to the instrument by an
aerodynamic lens and differential pumping. Pure glycerol and glyceline aerosols were produced

through nucleation by heating the liquid in a tube furnace (160 °C), while room temperature

15



carrier gas (N2) flows through the headspace of the liquid-containing tube. Photoelectrons were
generated at the interaction region, and the velocity map images were collected from a phosphor
screen-microchannel plate-camera detector configuration. A continuous stream of aerosol beam
provides fresh samples of interest free of X-ray damage similar to liquid jet XPS experiments.
The resulting C 1s XPS spectra of pure Gly and glyceline (1:2 ChCl:Gly) aerosols are shown in

Figure S1.

16
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Figure 1. C 1s AP-XPS spectra collected for (a) 3:1 and (b) 5:1 ChCl:Gly mixtures with X-ray
photon energies (hv) of 390, 480, 735 and 900 eV. C-N" peak is centered at 286.0 eV (solid
orange line). Liquid (solid green line) and gas phase C-O peaks (solid red line) are located at
287.3 and 288.8 eV, respectively. (¢) Contribution from different carbon species to the XPS
spectra highlighted in molecular structures of Ch" and Gly (orange dots: C-N* and green dots:
C-0). (d) Depth profile of Ch* to Gly ratio versus X-ray energy in 5:1 (blue square) and 3:1 (red
triangle) supersaturated ChCl:Gly mixtures. Solid lines are guides to the eye. Error bars represent
95% confidence of Gaussian fitting.
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Figure 2. Vibrational Raman spectra of full-range ChCl:Gly mixtures normalized to the
maximum intensity. (a) Lower frequency at 600 — 1400 cm™ and (b) higher frequency
spectra at 2700 — 3300 cm™!' are shown separately. Orange arrows on (a) are added to
highlight formation of anti-conformer Ch" peak at 760 cm™. On (b) green arrows indicate
arise of a strong O-H---CI  interaction peak from supersaturated mixtures as well as solid

state ChCl.
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red square, I3220) versus mixing ratio of ChCl:Gly. Dashed lines are guides to
the eye. Structures of both Ch" conformers are shown above the graph.
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Figure 4. (a) Aerosol XPS spectra and Gaussian deconvolution of
pure glyceline (ChCl:Gly=1:2) and water mixtures at hv = 315 eV
(probing depth ~ 0.4 nm). (b) Ch" to Gly ratio versus H,O content in
glyceline and water mixture aerosols surface. Error bars represent
95% confidence of the Gaussian fit.
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(a) Supersaturated ChCl + Gly (b) ChCI + Gly + Water

Interface |g< ;?.,

Figure S. Schematic illustrations of (a) supersaturated ChCl and Gly mixture and (b)
glyceline-water mixtures at a liquid-vapor interface. On panel (a), the enhancement of
Cl" and the strong Ch"...Cl" interaction (dashed blue oval) near the interface are
displayed. Deeper in the bulk, the bridged Ch"---Cl™---Gly interaction is highlighted in
dashed red oval. On (b), depletion of Ch* from the interface by hydration is depicted in
dashed orange oval.
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