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ABSTRACT

Open questions remain on the influence of various conditions and ion behavior on the
hydration-shell of oily molecules. My research uses Raman spectroscopy and Raman multivariate
curve resolution to study the hydration-shell of oily molecules as tools to help answer some of
these open questions.

More specifically, | present results on the effect of molecular crowding on the structure of
water around various oily molecules, and report the effect of molecular crowding on hydrophobic
crossover. These results are important, as crowding has the potential to influence several fields,
such as biology and environmental sciences. This work shows that increasing molecular
concentration results in oil-oil crowding, decreases the tetrahedrality of the water structure around
the oily molecules, and subsequently, the crossover temperature.

In addition to studying the hydration-shell under crowded conditions, | also present work on
ion affiliation for the hydration-shell of an oily molecule. lon affiliation for oil/water interfaces
has been an ongoing topic of research since the Hoffmeister experiments because of their effect
on biological processes. This study focuses on hydroxide and its affiliation for tert-butyl alcohol
in comparison to other electrolytes. These results show iodide is less repelled by the oil/water
interface in comparison to hydroxide.

Finally, I present findings on the influence of hydrogen peroxide in comparison to other small
molecules on the water structure of an oily molecule. Hydrogen peroxide has been shown to reach
supercooled temperatures, which may be useful in future studies of liquid phase transitions or
studies on solute behavior at supercooled conditions. It is found that hydrogen peroxide does not
significantly influence the water structure around tert-butyl alcohol, while other small molecules
display significant water structure changes.

All these projects aim to contribute results to heated debates, as well as share information for

future experiments.
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CHAPTER 1. RAMAN SPECTROSCOPY, RAMAN INSTRUMENT
AND ANALYSIS METHOD

1.1 Raman Spectroscopy background

Raman spectroscopy was used in the following projects to study the molecular behavior of
hydrophobic interactions in agueous media. To collect Raman spectra, a Raman Spectroscopy
instrument directs light of a specific wavelength onto a sample. The sample will then absorb or
scatter the photons. The photons which scatter will do so elastically or inelastically. The elastically
scattered photons have the same frequency as the incident photons (referred to as Rayleigh
scattering). The inelastically scattered photons are those which change in frequency from the
incident photon.

These inelastically scattered photons fall into one of two categories: anti-Stokes and Stokes
scattering. In anti-Stokes scattering, the molecule is in an excited state and will emit energy, then
fall to a lower energy level. In other words, the scattered photon has a higher frequency than the
incident photon. Stokes scattering, on the other hand, occurs when the molecule is in the ground
state and absorbs energy, placing it in a higher energy level. This occurs when the scattered photon
has a lower frequency than the incident photon. During this process, Stokes scattering is more
prevalent than anti-Stokes scattering, resulting in higher intensity Stokes scattering spectra. The
Raman spectroscopy instrument used in the following projects collects Stokes scattering photons

and the resulting Raman spectrum.

1.2 Raman Instrument

A home-built Raman system was used to collect all Raman spectra. A 514.45 nm Ar-ion
laser (~20mW power) was directed with multiple mirrors and a notch filter through a microscopic
lens onto the sample.l? The samples were held in a temperature-controlled cell holder from
Quantum Northwest.®> A Raman 180° photon scatter signal was then collected back through the
beam path. Once the back-scattered photons reached the notch filter, the notch filter blocked the
incident laser frequency, allowing all other frequencies to pass through more filters and lenses to
be focused into the fiber optic cable, which led to the spectrograph and charge-coupled device

(CCD) camera. The spectrograph (SpectraPro300i, Acton Research Inc.) has a 300 mm* focal
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length and a grating of 300 grooves per mm™, with a dispersion of ~ 6 cm™ per CCD pixel, in
addition to a thermo-electrically cooled CCD (Princeton Instruments Inc. Pixis 400B, 1,340
X 400 pixel). Between the notch filter and the fiber optic cable, a beam-splitter can be moved into
and out of the path to collect polarized spectra. Unless specifically stated, the following spectra
are unpolarized.

A neon lamp was used for wavelength calibration, while a helium lamp was used to correct
frequency shifts due to environmental changes, such as barometric pressure. Before spectra were
collected, a neon lamp was placed in front of the objective and a neon spectrum collected. Six
peaks from this neon spectrum were fit to the corresponding CCD pixel positions and converted
into wavenumbers. After the neon spectrum was collected, the neon lamp was removed and the
samples placed into the cell holder. The helium lamp used for frequency shift corrections was
located directly behind the sample and switched on for every sample collection. The helium peaks
(Figure 1.1) within each spectrum were used to align the frequency axis across spectra collected

on the same day.

6 —
25x10 4 Helium peaks

: — water / Y
N

Intensity (counts)

1000 2000 3000 4000 5000 6000

-1
Wavenumber (cm )
Figure 1.1 Raman Spectra of water with helium peaks used to correct frequencies across spectra.

For example, two spectra collected on the same day would have helium peaks which would
then be corrected by overlapping the peaks and shifting the frequency axis to ensure the peaks
corresponded to the same frequency. These shifts are less than a pixel, but were corrected because
even subtle shifts using the following analysis method could result in spectral artifacts for samples

at low concentrations.!
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1.3 Analysis Methods
1.3.1 Self-Modeling Curve Resolution

Igor-pro software was used to run self-modeling-curve-resolution (SMCR) to obtain Raman
multivariate curve resolution (Raman-MCR) spectra. Once a Raman spectrum of a sample was
collected, SMCR was used to decompose that spectrum into its correlated spectra to analyze a
solute’s hydration-shell. This process began with the original spectrum (Figure. 1.2 (A)-(B)),
which will be referred to as the raw spectrum, collected from the Raman instrument described in
section 1.2. The raw spectrum was shifted to the corrected frequencies determined by the helium
peaks described in section 1.2, and smoothed using Savitsky-Golay smoothing. During this shift
and smooth step, the background was removed by subtracting the global minimum from the
spectrum. After the spectrum was shifted and smoothed, the SMCR analysis was run. SMCR
decomposes the raw spectra into correlated spectra by subtracting the raw solvent spectrum from

the raw solution (mixture) spectrum to obtain a solute correlated spectrum (Figure 1.2 (C)).*
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Figure 1.2 Raw Raman spectra of solution and solvent used in Raman SMCR analysis and the
resulting SC-spectra (A)-(B) raw solution spectra of TBA in water (0.5M) and water,
respectively. (C) The SC-correlated spectra of TBA in water.

This solute-correlated spectrum (SC-spec) contained the vibrational peaks from the solute
itself, as well as any solvent molecules perturbed by the solute. In the following chapters, this
solvent was typically water. Thereby, the hydration-shell of various solutes was extracted. To
better study the water molecules in the hydration-shell, the SC-spec was normalized to specific
peaks. For example, the CH stretch region was frequently normalized to better study the changes

in the OH stretch region in response to various concentration and environmental changes,

depending on the project.

1.3.2 Total-Least Squares and F-Ratio

From the first round of solute-correlated spectra, the three-component mixture SC-spectra
were added together using total least squares (TLS) to recreate the vibrational spectra of any

perturbed solute by third component ions (Figure 1.3). The TLS method used the solute and co-
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solvent SC-spectra, where the solute was typically TBA in water and the co-solvents were a salt
(such as NaCl) in water as well as pure water. The three components were then manually adjusted
for a non-negative TLS-spectrum residual. In other words, the first round SMCR encompassed the
interactions of the solute—water, the salt—water and water—water interactions. TLS then
displayed the solute-salt interactions that were not similar to the interactions captured by the first
round Raman-MCR spectrum. These interactions were then measured by calculating the fraction

of solute-salt interactions to total interactions within the mixture.

= TBA perturbed by NaCl
== TBA in water
= = water

= = NaCl in water

Intensity (counts)

_mﬁ_ﬁ_!_lﬁ_l_lﬁﬁ_l_ﬁ_!_lﬁ_hﬁ_!_l_ﬁ_llf-|llll|ll_ﬁ_rrl_r
1000 2000 3000 4000

Wavenumber (cm'1)

Figure 1.3 TLS-spectra of TBA perturbed by NaCl (solid green) with the three component’s
SC-spectra TBA in water (solid red), water (dashed blue) and NaCl in water (dashed purple).
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CHAPTER 2. INFLUENCE OF CROWDING ON HYDROPHOBIC
HYDRATION-SHELL STRUCTURE

Reproduced from A. J. Bredt and D. Ben-Amotz, Phys. Chem. Chem. Phys., 2020, 22, 11724
DOI: 10.1039/DOCP00702A with permission from the PCCP Owner Societies

2.1 Abstract

The influence of molecular crowding on water structure, and the associated crossover
behavior, is quantified using Raman multivariate curve resolution (Raman-MCR) hydration-shell
vibrational spectroscopy of aqueous tert-butyl alcohol, 2-butyl alcohol and 2-butoxyethanol
solutions of variable concentration and temperature. Changes in the hydration-shell OH stretch
band shape and mean frequency are used to identify the temperature at which the hydration-shell
crosses over from a more ordered to less ordered structure, relative to pure water. The influence of
crowding on the crossover is found to depend on solute size and shape in a way that is correlated
with the corresponding infinitely dilute hydration-shell structure (and the corresponding first
hydration-shell spectra are invariably very similar to pure water). Analysis of the results using a
Muller-like two-state equilibrium between more ordered and less ordered hydration-shell
structures implies that crossover temperature changes are dictated primarily by enthalpic

stabilization of the more ordered hydration-shell structures.

2.2 Introduction

Crowding plays a central role in the self-assembly of biological, polymeric, and
environmental systems.>® Numerous prior theoretical > and experimental® 16-% studies have
highlighted the influence of solute size! ®2? and crowding®-2® on water structure and dynamics, as
well as the associated water structural crossover,' %! but have not directly probed the influence
of crowding on the crossover. Here we do so by measuring the hydration-shell vibrational spectra
of aqueous solutions containing the three solutes shown in Fig. 2.1, using Raman multivariate
curve resolution (Raman-MCR) spectroscopy.?’” Our results reveal that crowding decreases
hydration-shell tetrahedrality and lowers the associated crossover temperature. However, we also
find that the hydration-shells of these oily solutes are remarkably similar in structure to bulk water,
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even when the solution is sufficiently crowded that there is not enough water to fully populate the

solute hydration-shell.

tert-butyl alcohol  2-butyl alcohol 2-butoxyethanol
(TBA) (2BA) (BE)

Figure 2.1 Molecular structures of the three solutes

Early theoretical crossover predictions pertained to water containing idealized hydrophobic
(hard-sphere) solutes,® % and predicted a dramatic “dewetting” (“drying”) crossover from a liquid-
like to a vapor-like hydration-shell structure for hard-sphere solutes larger than ~1 nm, although
subsequent theoretical studies predicted the suppression of dewetting and aggregation by solute-
water attractive interactions.!t -2 Experimental NMR,® single-molecule pulling,*”*® Raman-
MCR,* 12! and THz?? studies of aqueous solutions containing oily molecular and polymeric
solutes confirmed the presence of a crossover length-scale near 1 nm at ambient temperatures, as
well as a decrease in the crossover length-scale with increasing temperature (although the
experimentally inferred changes in hydration-shell structure are less dramatic than a dewetting
transition). The influence of crowding on water structure has previously been investigated using
neutron-scattering measurements of concentrated alcohol-water mixtures.?>?® The results,
obtained with the aid of empirical potential structure refinement simulations, imply that water
clusters non-randomly in highly crowded solutions, forming pools of nanometer size whose
tetrahedral structure is similar to bulk water (while the alcohol molecules in these crowded
solutions were found to cluster nearly randomly).?® The present Raman-MCR results confirm the
relative insensitivity of water structure to crowding, but also indicate that crowding tends to disrupt
water structure, thus decreasing hydration-shell tetrahedrality and the associated crossover
temperature.

Raman-MCR spectroscopy is uniquely suited to quantifying crossover phenomena, as the

resulting spectra are exquisitely sensitive to small differences between the structure of pure water
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and the hydration-shell of a solute molecule. Prior Raman-MCR studies have quantified the
influence of aggregation on hydration-shell structure,?%2"-30-32 pyt have not addressed the influence
of crowding on hydrophobic crossover phenomena. The oily solutes shown in Fig. 2.1 were
selected in part because of their relatively high aqueous solubility, which is required in order to
establish the influence of crowding on hydration-shell structure. Note that a crowded solution is
here defined as one in which there is not a sufficient amount of water to fully hydrate all the solute
molecules. The results are analyzed using a Muller-like two-state model®® and compared with
previously published results to quantify the influence of solute size and shape on hydration-shell

water structure and crossover phenomena.

2.3 Methods

Tert-butyl alcohol (TBA), 2BA and 2-butoxyethanol obtained from Sigma-Aldrich were
weighed and diluted to a variety of concentrations with water from a Millipore purification system
(H20, 18.2 MQ-cm from Milli-Q UF plus) in 10 ml volumetric flasks. After mixing, each sample
was pipetted into a 1 cm glass cuvette and capped. All samples were freshly prepared and used
within 24 hrs.

Raman spectra were obtained with a custom-built Raman system as previously described®
using an Ar-ion excitation laser (514.5 nm, ~20mW power at the sample), a 300 mm focal length
spectrograph (SpectraPro300i, Acton Research Inc.), a grating of 300 grooves per mm and a TE
cooled CCD camera (Princeton Instruments Inc. Pixis 400B). The samples were temperature
controlled to a stability of better than +0.1°C over a temperature range of 20°C to 100°C using a
TE cooled cell holder (Quantum Northwest).?

Raman-MCR spectra were obtained using self-modeling-curve-resolution (SMCR)® to
decompose the measured solution spectra into pure solvent and minimum area solute-correlated
(SC) components. The minimum area (non-negative) SC spectra were obtained relative to the local
linear baseline of the SC spectra. First hydration-shell spectra were reconstructed from the pure
water and background-subtracted SC spectra using hydration-shell coordination numbers (CN)
obtained from MD simulation, as previously described (and further explained above and in the
SI).19-20

The first hydration-shell spectrum was obtained by adding a scaled version of the pure

water component to the SC spectrum such that the ratio of the resulting OH band area (integrated
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from 3200 cm™ to 3800 cm™) divided by the CH band in the SC spectrum (integrated from 2795
cm™ to 3045 cm™?) is equal to R*CN*2/nCH, where R is the ratio of the Raman cross sections of
water per OH divided by that of the solute per CH. The latter ratio was estimated from experimental
measurements of CH areas of solutions of various alcohols of known concentration, divided by
the OH area of pure water (scaled by the corresponding concentrations OH and CH groups in the
two liquids). Concentration dependent measurements of the CH/OH areas of aqueous solutions
indicate that the three solutes have R values of 1.22 for TBA, 1.32 for 2BA, and 1.27 for BE, and
it is these values that were used to reconstruct hydration-shell spectra whose area matched the MD

simulation prediction of the hydration-shell coordination numbers.

2.4 Results and Discussion

The following is a detailed description of our experimental aqueous 2BA results, followed
by a summary of the corresponding results for aqueous TBA and BE (with additional details
provided in the SI). As will become evident, each of the three solutes are found to have different
hydration-shell structures and crossover temperatures, both at infinite dilution and under crowded
conditions, although the hydration-shell structures invariably remain quite similar to liquid water.

Figure 2.2 compares the measured Raman spectra and Raman-MCR spectral components
obtained from an aqueous 2BA solution of 0.5 M concentration at 20°C. The dashed blue and
dotted purple curves are the measured Raman spectra of pure water and aqueous 2BA. The solid
purple curve is the Raman-MCR minimum area solute-correlated (SC) spectrum of 2BA, which
contains features arising from the intramolecular vibrations of the solute (including the prominent
CH stretch band near 2900 cm™?) as well from hydration-shell water molecules that are perturbed
by 2BA (as primarily evidenced in the OH stretch band between 3100 cm™ and 3700 cm™). Note
that previous studies have demonstrated that such SC OH bands arise primarily from perturbed
water molecules, rather than the OH head group of the alcohol (due primarily to the far greater
number of water OH groups in the hydration-shell).1 3 The SC OH band highlights solute-induced
perturbations in the OH stretch band of water, as more clearly seen in the inset panel in Fig. 2,
which reveals that the SC OH spectrum also contains a small high frequency OH peak near 3660
cm* resulting from an increased population of non-hydrogen bonded (dangling) OH groups in the
hydration-shell.>5-% Moreover, the lower frequency hydrogen-bonded region of the SC OH stretch

band has a different shape than the OH band of pure water, with a lower (red-shifted) average OH
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frequency and a more prominent shoulder near 3200 cm™, both of which indicate that the
hydration-shell has a more tetrahedral structure than pure water at this temperature.® °

The dot-dashed purple curve in Fig. 2 shows the reconstructed spectrum arising from the full
first hydration-shell of 2BA. This first hydration-shell spectrum was obtained from a linear
combination of pure water and SC spectra, constructed using an MD simulation-based estimate of
the number of water molecules in the first hydration-shell (obtained as previously described, and
further detailed in the SI).1%2° More specifically, the MD results indicate that there are ~28 water
molecules in the first hydration-shell of 2BA at 0.5M and 20°C (see Sl Figure 2.13 and Table 2.2).
Since a 0.5 M aqueous solution contains a total of approximately 100 water molecules per solute,
the MD results imply that nearly 1/3 of all the water molecules in the solution reside in the 2BA's
first hydration-shell at this concentration. More specifically, the reconstructed first hydration-shell
spectrum is obtained assuming that the average Raman cross section of water molecules in the first
hydration-shell is the same as that in bulk water,?” and the hydration-shell spectrum is
reconstructed from a linear combination of the SC and pure water spectra so as to produce a
hydration-shell spectrum whose OH band has an area consistent with first hydration-shell
coordination number obtained from the MD simulations.
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Figure 2.2 Raman spectra of pure water (dashed blue curve) and a 0.5 M aqueous solution of
2BA (dotted purple curve) are compared with the resulting Raman-MCR SC (solid purple curve)
and reconstructed first hydration-shell (dot-dash purple curve) spectra. The inset panel compares
an expanded view of the OH stretch bands of pure water and the SC spectrum of 2BA (arbitrarily

scaled to highlight the differences between the shapes pure water and SC OH stretch bands).

Figure 2.3 shows how varying the temperature and concentration of the solution influence
the SC and first hydration-shell spectra of 2BA. The temperature dependence of the SC spectra in
solutions of 0.5 M and 2 M concentration are shown in Fig. 3(A) and (B), respectively, with
expanded views in the inset panels. Note that all these SC spectra are normalized to the CH band
area, and thus the decrease in the SC OH band area with increasing temperature implies that the

hydration-shell structure differs most from pure water at low temperatures, and becomes most
similar to pure water near 80°C.
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Figure 2.3 The influence of temperature and concentration on the Raman-MCR SC spectra of
aqueous 2BA, in the solute CH and hydration-shell OH band regions. (A) and (B) compare the
temperature dependence of the SC spectra at solute concentrations of 0.5M and 2M. All the SC

spectra are normalized to the CH band area, and thus represent the average SC spectra of a single
solute. The inset panel of (A) and (B) contain an expanded view of the SC hydration-shell (OH
band) spectra, all plotted on the same scale. Panels (C) and (D) compare the OH stretch region of
the full first hydration shell of 2M 2BA (solid red) with bulk water (dashed blue) at 20°C and
100°C, scaled to the OH band peak height in order to highlight the very similar, but slightly
shifted, shapes of the hydration-shell and pure water OH bands.

Comparison of the SC OH band areas shown panels Fig. 3(A) and (B) further indicates that
at high concentration there are fewer perturbed water molecules in the hydration-shell of each
solute — as evidenced, for example, by the difference between the areas of the 20°C (purple) SC
OH bands in (A) and (B). This decrease is consistent with the crowding-induced expulsion of water
molecules from the solute’s hydration-shell, as previously observed in other aqueous solutions.*"-
32 Moreover, the change in shape of the SC OH band reveals that crowding leads to a decrease in

the relative intensity of the hydration-shell 3200 cm™ shoulder, which implies a decrease in water
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tetrahedrality.! It is also noteworthy that upon crowding the dangling OH peak frequency increases
towards the ~3680 cm™* frequency of dangling OH groups at a macroscopic air-water interface.3’
For example, at 20°C the dangling OH frequency in the hydration-shell of TBA increases from
~3664 cm™ at 1 M to ~3674 cm™ at 4 M (corresponding to a solute volume fraction ~0.35), while
that of BE increases from ~3668 cm™ at 1 M to ~3676 cm™ at 3 M (corresponding to a solute
volume fraction ~0.36). This suggests that under crowded conditions, the water dangling OH
groups exist in a lower local density environment than that in the hydration-shells of a dilute oily
solutes.®®

Figures 2.3(C) and (D) compare the OH band of pure water with the full first hydration-
shell spectrum of 2BA at a concentration of 2M and either 20°C (C) and 100°C (D), obtained as
described above (with further details in the Experimental and Data Analysis Methods section, and
the S1).1%% The striking similarity of the pure water (dashed blue) and first hydration-shell (solid
red) OH bands implies that the structure of water in the first hydration-shell is extremely similar
to that of pure water. However, close inspection of the hydration-shell and pure water OH bands
reveals that at 20°C the hydration-shell OH band is slightly red-shifted (lower in frequency) than
pure water, while at 100°C the hydration-shell is slightly blue-shifted (higher in frequency) than
pure water. These very subtle frequency shifts can be quantified by obtaining the average OH
frequency, as follows, where ® is the OH vibrational frequency the I(w) is the OH band shape

(normalized to unit area between w;= 3200 cm™ to w, = 3800 cm™).

(w) = fa‘j’f wl(w)dw (1)
The resulting average OH frequencies shifts Aw = (w) — (w),, where (w), is the average OH

frequency of pure water, are plotted in Fig. 4 as a function of both temperature and solute

concentration.
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Figure 2.4 Hydration-shell structural crossover is quantified by comparing the average OH
frequency in the hydration-shell with that of pure water as a function of solute concentration.
The crossover may be obtained either from the OH bands of the Raman-MCR reconstructed first
hydration-shells (solid points and lines), or from the OH bands of the measured solution and
water spectra (open points and dashed lines). Both procedures yield similar crossover
temperatures that decrease with increasing solute concentration, as is more clearly evident in the
inset panel showing an expanded view of the crossover region.

The solid curves in Fig. 2.4 correspond to first hydration-shell frequency shifts, and the
colors of the curves darken with increasing solute concentration (the significance of the dashed
curves is further explained below). The inset panel shows an expanded view of the crossover
region, thus more clearly revealing the temperatures at which average OH frequency of the
hydration-shell crosses over from negative (red-shift) to positive (blue-shift) values, relative to
pure water. These zero-crossing temperatures are those at which the hydration-shell structure most
closely resembles that of pure water, and the sign of Aw (away from the zero-crossing point)
indicates whether the hydration-shell is more ordered (negative) or disordered (positive) than pure
water. These results reveal that, even over this relatively low concentration range, crowding
decreases the crossover temperature by more than 10°C, from a crossover temperature of ~72°C
at 0.5 M to ~62°C at 2 M.

The results shown in Fig. 2.4 also demonstrate the insensitivity of the crossover
temperatures to the assumed hydration-shell coordination number. This is most clearly illustrated
by the dashed lines in Fig. 2.4, which represent the OH frequency shifts obtained directly from the

measured solution and pure water OH bands. In other words, the dashed lines are obtained

28



assuming that all the water molecules in the solution are in the hydration-shell of the solute. The
crossover temperatures obtained from the dashed and solid lines are evidently essentially identical
(as more clearly seen in the inset panel). However, the frequency shifts (away from the zero-
crossing point) decrease with increasing hydration-shell size, as expected, since including more
distant water molecules in the hydration-shell increases the spectral similarity of the hydration-
shell and pure water. Further implications of the insensitivity of the crossover temperature to
hydration-shell size are discussed in the Conclusions and Implications Section (as well as in
Section 2 of the SI).

At a 2BA concentration of 2M approximately 17% of the system volume is occupied by
the solute. Note that the alcohol volume fraction, f,,;, is equivalent to the product of its
concentration and its partial molar volume (7,54 = 0.0866 M, 50 f,,; = [c]7 = 2x0.0866 =
0.173).%° Since this concentration is near the solubility limit of 2BA it is not possible to obtain
crossover results at higher concentrations. However, the other two solutes, TBA and BE, are
infinitely miscible in water (near ambient temperatures). Our crossover results obtained for those
solutes extend up to solute volume fractions near 40% (calculated using 75, =~ 0.0878 M and
vge=~ 0.12 M™1),32 3% and have a correspondingly larger crowding-induced shift in the crossover
temperature, as shown in Fig. 2.5. The hydration-shell OH band spectra of these more-crowded
solutions still look strikingly similar to the OH bands of pure water (as shown in Sl Figs. 2.9-2.11,
which also includes crossover results obtained assuming that the hydration-shell coordination
number is concentration independent). Note that when fully hydrated the first hydration-shells of
the three solutes in Fig. 2.1 contain approximately 30-40 water molecules (see Sl Fig. 2.13). This
implies that above a concentration of ~1M, or a volume fraction of ~10%, there is no longer enough
water to fully hydrate each solute, and thus such solutions are classified as crowded.

Figure 2.5 shows a plot of the crossover temperature, T*, as a function of volume fraction
for the three solutes in Fig. 2.1. The crossover temperatures all decrease upon crowding, but each
of the solutes has a different crossover temperature at infinite dilution Ty (as obtained from the y-
intercepts of the dashed lines in Fig. 2.5) and a different slope with respect to volume fraction.
The inset in Fig. 2.5 shows the correlation between the latter crowding-induced slope and the
hydration-shell crossover at infinite dilution (along with the dotted best fit line dT*/0f,, =

2.74T; — 290). Thus, solutes with higher crossover temperatures at infinite dilution are also less
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sensitive to crowding. In other words, hydration-shells that are more ordered at infinite dilution

are also less susceptible to crowding-induced disordering.

1 o __
~ 80 ®- i
O ] &---..
o e, T ..
[ E e -
g 601 e G -50 ®
© 1 e = ]
© 1 . z ] .
A o =
@ ] ® . £ .
5 40 R "7-150—HllmllmllmI
> ] ~.
2 e TBA e 60 . 20
° ® 2BA e To"(C)
© 20 e BE
3 -®
_|||||||||||||||||||||||||||||||||||||||||
0.0 0.1 0.2 0.3 04

Solute Volume Fraction f,

Figure 2.5 The dependence of crossover temperature T* on solute volume fraction. The y-
intercept represents the crossover temperatures at infinite dilution T;. The inset panel shows the
correlation between T and the derivative of T* with respect to solute volume fraction.

2.5 Conclusion and Implications

Our results reveal that in both dilute and crowded solutions the hydration-shells of oily
molecules are more ordered (more tetrahedral) than bulk water below the crossover temperature
(T™*), and becomes more disordered above T*. The associated changes in water tetrahedrality may
be quantified by measuring the difference between the average OH frequency in bulk water and
the hydration-shell of oily solutes. More specifically, previous experimental and MD simulation
studies of pure water have revealed that there is a nearly linear correlation between the average
OH frequency and tetrahedrality of water, such that dq/dw =~ -0.00173,*® where q is the
Errington—Debenedetti*® tetrahedral order parameter. Thus, a red-shift of the average OH
frequency of water corresponds to an increase in water tetrahedrality (or conversely for a blue-
shift). Given that average tetrahedrality of water at 20°C is g = 0.67, an OH frequency shift of Aw
=4 cm (comparable to the largest shifts shown in Fig. 2.4) corresponds to a tetrahedrality change
of ~1%, whose small magnitude is consistent with observed similarity of the pure water and

hydration-shell OH bands, as shown in the Fig. 2.3(C) and (D). Note that the correlation between
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w and q is only applicable to systems with hydration-shell OH stretch band shapes that closely
resemble bulk water, as is the case in the present studies. Moreover, the observed crossover
behavior requires that the hydration-shell has a temperature dependent spectral shape, implying
the presence of sub-populations of differing temperature dependence, as is evident in both Raman-
MCR? 1920 and THz? hydration-shell spectra (and further discussed in the SI).

Previous studies have shown that the hydration-shell structural crossover in aqueous n-
alcohol solutions is influenced by the length of the alcohol’s oily tail, as well as by its OH head
group, as the crossover temperature increases from ~60°C for n-butanol to ~160°C for methanol,
but decreases to ~80°C for methane.'®2° This suggests that the crossover temperature is correlated
with solutes size, and is increased by the presence of a polar head group. The previously measured
crossover temperatures for short-chain n-alcohols (up to n-butanol) are approximately linearly
correlated with solvent accessible surface area (SASA), such that T* increases by 1°C when SASA
decreases by ~1 A? (where SASA is obtained assuming a water radius of 1.4 A). Moreover,
comparison of T* for the three butanol isomers, n-butanol, 2BA and TBA, with 1, 2, and 3 methyl
groups, respectively, implies that T* increases by ~6°C for each solute methyl group. More
specifically, a global correlation of the experimental crossover temperatures at infinite dilution for
all of the above alcohol solutes (excluding BE) implies that Ty (°C) = 314.9 -1.026*SASA +
6.36*nCH3 (where nCHzs is the number of methyl groups per solute). This correlation reproduces
the experimental crossover temperatures of all these alcohols to within a few degrees (as shown in
the SI Table 2.1). However, this correlation does not hold for BE, as its crossover temperature is
~59°C, which is similar to that of n-butanol although BE has a 33% larger SASA of ~336.8 A2
(and both solutes have the same number of methyl groups, nCHs=1). Thus, the ether oxygen in BE
evidently has the effect of increasing T* by ~84°C above that expected for an alcohol of
approximately the same size and shape (e.g. n-heptanol). An alternative interpretation of the
similar T* values of BE and n-butanol is that T* is dictated primarily by the n-butyl chains of these
two solutes (and thus that the ethoxy ethyl head group of BE has approximately same influence on
T* as the OH head group of n-butanol).

The formation of perfectly tetrahedral clathrate hydrate solids containing methane and
other small oily solutes,** implies that clathrate-like structures have a lower (more negative)
enthalpy and entropy than liquid-like water structures. In other words, the transformation from a

less ordered (liquid-like) to a more ordered (clathrate-like) structure at low temperatures indicates
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that clathrate formation is associated with a decrease in both enthalpy (AH < 0) and entropy
(AS < 0). Although, the hydration-shells of oily molecules in liquid water are clearly not solid
clathrates, the low temperature hydration-shell spectrum of methane dissolved in liquid water may
be accurately represented as a linear combination of pure liquid water and clathrate structures.?
Moreover, the hydration-shell of methane in liquid water qualitatively resembles the hydration-
shells of 2BA, TBA, and BE, and all these oily molecules have hydration-shell structures that are
very similar to liquid water.1%-2°

Additional physical insight regarding the influence of crowding on hydration-shell
crossover behavior may be obtained by invoking a simple two-state model (in the spirit of the
Muller model)*® to describe the transformation of water from a less ordered to the more ordered
structure (as further described in the Sl). This analysis suggests that the observation of a crossover
temperature requires that AH and AS in the hydration-shell of an oily solute (AHsand ASy) are not
the same as in bulk water (AHz and ASg). Moreover, the observation of a crossover temperature
implies that AH¢ < AHg < 0 and ASg < ASp <0, and T* = (AHg — AHg)/(ASg — ASg) (as
further explained in the SlI). Additionally, this simplified two-state analysis suggests that an
increase in T results from a greater enthalpic stabilization of the ordered (clathrate-like) water
structure, relative to the disordered water structure. Furthermore, the observation that 7* decreases
both with increasing solute size and crowding implies that the ordered water structure is
enthalpically destabilized around large oily solutes and in crowded (oil-rich) solutions. This
conclusion is consistent with the observation that increasing either solute size or crowding leads
to a breakdown in water tetrahedrality. It is also consistent with the expectation that water near
contacting (crowded) oily molecules is disrupted in a way that is qualitatively similar to water
around a single larger oily molecule.

In summary, we have quantified the influence of crowding, as well as solute size and shape,
on hydration-shell structure, and the associated crossover behavior. However, these results have
not addressed the question as to how such water structure changes may influence the water-
mediated interactions between oily molecules, including those leading to the self-assembly
supramolecular structures such as micelles, vesicles, and bilayers. Theoretical and simulation
studies by David Chandler and co-workers have suggested an intimate link between hydrophobic
crossover (i.e. drying or dewetting) phenomena and the water-mediated aggregation/collapse of

oily molecules.** However, it is not yet clear how to reconcile this view with the results of recent
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studies?®?° (and prescient earlier work*?) pointing to the importance of oil-water attractive (van
der Waals) interactions in opposing the aggregation of oily molecules, given that such oil-water
van der Waals interactions are expected to be relatively insensitive to water structure. Moreover,
recent theoretical,* simulation,** and experimental? studies have reached conflicting conclusions
regarding whether the collapse and clouding of oily polymers in water follows*3** or precedes?
dehydration, thus raising further questions regarding the view that hydrophobic collapse is driven
by dewetting-related crossover behavior.** Additionally, both recent and numerous prior studies*
indicate that water penetrates deeply into micelles, thus suggesting that the high interfacial tension
of macroscopic oil-water interfaces is greatly reduced at molecularly rough non-polar interfaces
of micelles composed of either cationic and anionic surfactants. Neutron scattering studies?*-28
have directly addressed the relationship between water structure, crowding, and aggregation in
highly concentrated alcohol-water mixtures, and found that water tends to cluster non-randomly
in pools of nanometer dimension and highly tetrahedral structure, while the alcohol molecules in
these solution are found to have a nearly random structure that is remarkably insensitive to water
hydrogen-bonding and clustering.?®>  Although these disparate findings remain to be fully
reconciled with each other, the emerging picture suggests that the propensity of oily molecules to
form crowded aggregates and collapsed structures in water is dictated substantially by competing
oil-oil and oil-water van der Waals interactions, rather than by the relatively subtle changes in
water structure associated with the crossover phenomena that we have experimentally observed

using hydration-shell vibrational spectroscopy.

2.6 Supplementary Information

The following supplementary materials are provided in this document:
2.6.1) A description of the Muller-like model as applied to hydration-shell crossover behavior.
2.6.2) Implications regarding Hydration-shell spectral shape.
2.6.3) Crossover temperature correlation results for alcohol solutes.
2.6.4) Additional Raman-MCR results for TBA, 2BA, and BE.

2.6.5) Additional plots for the three solutes (similar to Fig. 2.4 in the parent manuscript).
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2.6.6) MD predictions for the hydration-shell coordination numbers of the three solutes vs. T

and [c].

2.6.1 Muller-Like Model of Water Structure

In the spirit of the Muller model,*® we may describe the structure of water in terms of an
equilibrium between structures with (H) and (L) disorder. In other words, roughly speaking, these
two structures correspond to liquid-like (H) and clathrate-like or ice-like (L) structures (and the
former structure is favored at high temperature while the latter is favored at low temperature). The

equilibrium between these two structures, H < L, may be described thermodynamically, as

follows.
K=1 (S1)
AG = —RTInK = AH — TAS (S2)
o1 = [5aml, = R (), 69
b5 - (1) - o9

Note that AG and the other thermodynamic state function changes are equivalent to the
difference between the corresponding Ben-Naim solvation thermodynamic functions*® for water
in the L and H structures. Since the population of the more ordered structure decreases with
increasing temperature, the temperature derivative of In K is negative, and thus AH < 0Oand AS <
0. Note that the latter inequality follows from the fact that the transformation is expressed as that
from the more disordered to the more ordered structure. The signs of AH and AS necessarily hold
both in bulk water and in the hydration-shell of an oily solute, but the values of the corresponding
enthalpy and entropy changes need not be the same in the bulk (AHz and ASg) as they are in the
hydration-shell (AHg and ASg). Moreover, the occurrence of a crossover temperature implies that
the temperature derivative of In K in the hydration-shell has a larger magnitude than that in the
bulk, and thus AHg < AHg < 0. Furthermore, at the crossover temperature AGg(T*) — AGg(T™),
because at that temperature the equilibrium constant, K, is the same in both regions, and thus
AHg — T*ASy = AHg — T*ASg, which implies that the crossover temperature may be expressed

as follows.
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__ AHs—AHp
T ASs—ASp

T* (S5)

Note that since T* is positive and AHg — AHp is negative, that necessarily implies that
AS¢ — ASp must also be negative. In other words, the existence of a hydration-shell crossover
temperature implies that both the enthalpy and entropy differences between the ordered and
disordered water structures are larger (more negative) in the hydration-shell than in bulk water. If
it is further assumed that ASg — ASjg is less sensitive to solutes size and crowding than AHg —
AHg, that would imply that a solute with a larger T* is one for which the ordered hydration-shell
structure is more enthalpically stabilized (has a more negative AHs) than it is for a solute that has
asmaller T*. In other words, this implies that a solute with a higher T* is one whose shape is such
that it can better stabilize a clathrate-like water structure,

The above assumption regarding the relationship between ASg — ASgz and AHg — AHp is
consistent with the expectation that the entropy difference between ordered and disordered water
structures is dictated primarily by the tetrahedrality of water, rather than by its interaction with the
solute, while the enthalpy difference between the ordered and disordered water structures is
expected to be strongly influenced by solute-water interactions and thus to be sensitive to solute

size, shape, and crowding.

2.6.2 Implications Regarding Hydration-Shell Spectral Shape

Our identification of the crossover temperature as the temperature at which Aw changes
sign relies on the following implicit assumptions and mathematical implications. In order for Aw
to change sign the SC OH band spectrum must have a mean frequency that itself crosses from a
lower to a higher frequency than the OH band of pure water as a function of temperature. More
specifically, the SC and pure water spectra must be obtained at the same temperatures, the same
integration bounds must be used to obtain the average OH frequency. Thus, the observation of
Aw crossover implies that SC spectrum must have a shape that is temperature dependent, and thus
may be viewed as consisting of sub-bands of different temperature dependence. These general
criteria are satisfied by the SC spectra of the three solutes in Figure 2.1, as well as by the solutes
whose hydration-shell spectra have previously been found to undergo a crossover.b 19-20. 47
Moreover, our observation that the SC hydration-shell OH stretch bands have a temperature

dependent shape is also qualitatively consistent with THz observations that the low frequency
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hydration-shell spectra of aqueous alcohol solutions consist of sub-bands of different temperature
dependence.??

It is also important to note that a crossover in Aw need not in general imply that the
corresponding hydration-shell spectrum (and thus the hydration-shell structure) is similar to that
of bulk water. For example, if a SC spectrum consisted of two bands (of arbitrarily large intensity)
whose mean frequency was the same as the pure water OH band then the value of Aw would
necessarily be zero but the spectral shape of the hydration-shell might be quite different from that
of pure water. Thus, a crossover in the sign of Aw only implies that the hydration-shell spectrum
is similar to water if the intensity of the SC spectrum is also minimized near the crossover
temperature, as is the case with all of the SC hydration-shell spectra of interest in this work. In
other words, as previously shown? the crossover temperature obtained from the temperature at
which Aw crosses zero is also invariably near the temperature at which the SC spectrum has a
minimum area. Note that the fact that the SC spectra have an area that is minimized near the
crossover temperature is also evident in the spectra shown in Figure 2.3A and 3B of the parent
manuscript, as well as Figures 2.6-2.8 below.

Finally, note about the invariance of the crossover temperature to the assumed size of the
hydration-shell is consistent with fact that SMCR decomposes the measured spectrum into a linear
combination of the pure water and SC spectra. Thus, the temperature at which Aw = 0 is that at
which the mean frequency of the SC spectrum is equal to the mean frequency of the corresponding
pure water spectrum. This also implies that at the crossover temperature any linear combination
of the two pure water and SC spectra must also have the same mean frequency as pure water.
Since the assumed number of water molecules in the hydration-shell only changes the relative
weights of the pure water and SC spectrum in the total hydration-shell spectrum, the crossover

temperature must be independent of the assumed hydration-shell size.

2.6.3 Crossover Temperature Correlation

The following table contains crossover temperatures at infinite dilution for 6 alcohol
solutes, as well as the solvent accessible surfaces area (SASA) and number of methyl groups (nCHs)
of each solute. The fit values T in the last column are predicted using the following expression
(fit to the experimental data points): T (°C) = 314.9 -1.026*SASA + 6.36*nCHs.
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Table 2.1 Crossover temperature correlation for alcohol solutes

Solute SASA nCHs Ty T, (Fit)
(A?) (Expt.) °C)
Q)
Methanol 155.6 1 164 162
Ethanol 191.8 1 120 125
1-Propanol 222.3 1 95 93
1-Butanol 252.7 1 62 62.
2BA 246.1 2 76.5 75.2
TBA 240.5 3 86.7 87.2
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2.6.4 Additional Raman-MCR Results

The following three Figures contain temperature and concentration dependent SC spectra
of TBA, 2BA, and BE.

(A) 0.5M (B) 2.0M

l IIIII l T T T
3000 3500

3000 3500 3000 3500
(C) 20°C (D) 60°C

Intensity (normalized to CH)

[c] (M)
— 0.5
— 1.0
— 2.0

3000 3500

3000 3500 3000 3500
Vibrational Frequency (cm'l)

Figure 2.6 The influence of temperature and concentration on the Raman-MCR SC spectra of
aqueous tert-butyl alcohol (TBA), in the solute CH and hydration-shell OH band regions. (A)
and (B) compare the temperature dependence of the SC spectra at solute concentrations of 0.5M
and 2M. (C) and (D) compare the concentration dependence of the SC spectra at 20°C and 60°C.
All the spectra are normalized to the CH band area, and thus represent the average SC spectra of
a single solute. The inset panel contain an expanded view of the SC hydration-shell (OH band)
spectra, all plotted on the same scale.

38



(A) 0.5 M (B)2M

A 80
LN B R B —100

3000 3500

WA

3000 3500

3000 3500 3000 3500

(C) 20°C (D) 60°C

Intensity (normalized to CH)

[c] (M)
o0
1.0 — 10
—15 —15
— 2.0 —20

3000 3500

3000 3500

3000 3500 3:900 3500
Vibrational Frequecy (cm )

Figure 2.7 The influence of temperature and concentration on the Raman-MCR SC spectra of
aqueous 2-Butanol, in the solute CH and hydration-shell OH band regions. (A) and (B) compare
the temperature dependence of the SC spectra at solute concentrations of 0.5M and 2M. (C) and
(D) compare the concentration dependence of the SC spectra at 20°C and 60°C. All the spectra
are normalized to the CH band area, and thus represent the average SC spectra of a single solute.

The inset panel contain an expanded view of the SC hydration-shell (OH band) spectra, all
plotted on the same scale.
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Figure 2.8 The influence of temperature and concentration on the Raman-MCR SC spectra of
aqueous 2-butoxyethanol (BE), in the solute CH and hydration-shell OH band regions. (A) and
(B) compare the temperature dependence of the SC spectra at solute concentrations of 1M and
3M. (C) and (D) compare the concentration dependence of the SC spectra at 10°C and 45°C. All
the spectra are normalized to the CH band area, and thus represent the average SC spectra of a
single solute. The inset panel contain an expanded view of the SC hydration-shell (OH band)
spectra, all plotted on the same scale.

2.6.5 Additional Crossover Results

The following three figures are similar to Fig. 2.4 in the parent manuscript, except for the
addition of the dot-dashed curves obtained assuming that the first hydration-shell coordination
number is equal to its predicted value at infinite dilution (ID). The solid curves in Fig. 2.4 and the
following three figures are obtained assuming that the first hydration-shell coordination numbers
decrease with increasing solute concentration, as predicted using the MD simulations (see Figs.
2.12 and 2.13, and Table 2.2). The dashed curves in Fig. 2.4 and the following three figures assume
that all the water molecules in the solution are in the hydration-shell of the solute. The agreement

between the crossover temperatures obtained using these three assumptions confirms that the
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experimentally derived crossover temperatures are insensitive to the assumed hydration-shell

coordination numbers.

2-Butoxyethanol
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Figure 2.9 Hydration-shell structural crossover is quantified by comparing the average OH
frequency in the hydration-shell with that in bulk water as a function of solute concentration.
The crossover may be obtained either from the OH bands of the measured solution and water

spectra (open circular point and dashed lines) or from the OH bands of the Raman-MCR
reconstructed first hydration-shells (solid points and lines) or from the OH bands of the first
hydration-shells at infinite dilution (ID, open triangular point and dashed lines). All procedures
yield similar crossover temperatures that decrease with increasing solute concentration.
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Figure 2.10 Hydration-shell structural crossover is quantified by comparing the average OH

frequency in the hydration-shell with that in bulk water as a function of solute concentration.

The crossover may be obtained either from the OH bands of the measure solution and water
spectra (open circular points and dashed lines) or from the OH bands of the Raman-MCR

reconstructed first hydration-shells (solid circular points and lines) or from the OH bands of the
first hydration-shells at infinite dilution (ID, open triangular point and dashed lines). All
procedures yield similar crossover temperatures that decrease with increasing solute
concentration.
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Figure 2.11 Hydration-shell structural crossover is quantified by comparing the average OH

frequency in the hydration-shell with that in bulk water as a function of solute concentration.

The crossover may be obtained either from the OH bands of the measure solution and water
spectra (open circular points and dashed lines) or from the OH bands of the Raman-MCR

reconstructed first hydration-shells (solid circular points and lines) or from the OH bands of the
first hydration-shells at infinite dilution (1D, open triangular point and dashed lines). All
procedures yield similar crossover temperatures that decrease with increasing solute
concentration.

2.6.6 MD Coordination Number Predictions

The MD coordination number simulations were performed using GROMACS* as
previously described,?® with the following additional details. The solute and water potentials are
TraPPE-UA® and TIP4P/2005,* respectively. The simulations were each run for 100 ns (after 5
ns of pre-equilibration) with 256 water molecules and a variable number of solute molecules,
spanning a concentration range between 0.2 M and 4 M. Given the relatively small system size of
these simulations (with 256 water molecules), one does not expect the simulations to accurately
describe solute aggregation statistics, and particularly the formation of higher-order solute clusters.
However, this limitation does not influence our conclusions, as the simulations results are used

only to obtain estimates of the hydration-shell coordination numbers, and to show that the resulting
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experimentally-derived crossover temperatures are insensitive to the assumed coordination
number values.

Figure 2.12 shows representative examples of the radial distribution function for the water
oxygen around any solute carbon atom. The water coordination numbers were obtained by
integrating the total number of unique water molecules out to a cut-off distance of 0.636 nm from
any solute carbon atom (as indicated by the dashed vertical line in Fig. 2.12). The term unique
indicates that water molecules that are within the cut-off distance from more than one solute carbon

atom are only counted once.

r (nm)

Figure 2.12 Radial distribution functions between solute carbon and water oxygen atoms of 2BA
and TBA obtained at 323.15K (50°C). The vertical dashed line indicates the cut-off value of
0.636 nm that is used to obtain the water coordination numbers surrounding the carbon atoms of
all three solutes.

Figure 2.13 shows MD predictions of the hydration-shell coordination numbers for the
three solutes as a function of temperature and concentration, obtained as previously described.?
Table 2.2 contains the polynomial fit coefficients that can be used to re-generate the coordination
number predictions. The temperature dependent coefficients, KO-K3 are those used to obtain the
coordination numbers (CN) using the bottom equations in Table 2.2. The temperature (T) is in

Kelvin units (equal to T °C+273.15), and the solute concentration (conc) is in M units.
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Figure 2.13 The calculated number of waters in the first hydration shell of the solute CHz or CH3
groups obtained from MD simulations of (A) tert-butyl alcohol (TBA), (B) 2-butanol (2BA) and
(C) 2-butoxyethanol (BE), as a function of temperature and concentration.

Table 2.2 Polynomial fit to the MD coordination numbers.

A) Tert-butyl Alcohol B) 2-Butanol C) 2-Butoxyethanol

K0=21.325+0.084938*(T)-0.00015666*(T") K0=13.461+0.13864*(T)-0.00024012*(T")  K0=0.10603+0.28822*(T)-0.00047158*(T%)

K1=-16.619+0.040578*(T)-9.3318E-05*(T") K1=40.849-0.31209*(T)+0.00044729(T))  K1=82.505-0.60592*(T)+0.00087212*(T")
2

K2=16.991-0.10182*(T)+0.00017186*(T )2 K2=-15.16+0.0981570*(T)-0.00013698*(T) K2=-42.205-0.26817*(T)-0.00037894*(T")

K3=-3.4604+0.021814*(T)-3.5254E-05*(T") K3=1.2094-0.075331*(T)+1.033-05%(T") K3=5.7889+0.035231*(T)-4.9524-05*(T)

resulting coordination number equation  resulting coordination number equation resulting coordination number equation

CN=KO+K1*(conc)+K2*(conc’)+K3*(conc’) CN=KO+K1*(conc)+K2*(conc))+Ka*(conc’)  CN=KO+K1*(conc)+K2*(conc’)+K3*(conc’)
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CHAPTER 3. HYDROXIDE AFFINITY FOR OIL/WATER
INTERFACE

3.1 Abstract

Hydroxide’s affinity for an oil/water interface is analyzed by Raman-MCR to determine the
extent to which hydroxide perturbs an oily molecule, tert-butyl alcohol. Prior experiments have
demonstrated sodium iodide is less repelled from the hydration-shell of tert-butyl alcohol, and
have shown the extent to which iodide is able to penetrate the hydration-shell. This study is an
extension which compares the ion affinity of sodium iodide to sodium hydroxide. To measure this
affinity, a total-least squares (TLS) analysis is used to recreate the non-negative residual of the
tert-butyl alcohol perturbed by the salt. From this residual, the fraction of perturbed solute is
calculated. These results show a higher fraction of iodide-perturbed solutes in comparison to
hydroxide-perturbed solutes, thus indicating that iodide is less repelled from the oil/water interface

in comparison to hydroxide.

3.2 Introduction

The behavior of ions at molecular interfaces has been of interest since Hofmeister’s studies
of protein denaturation in various aqueous salt solutions.>* Hofmeister observed some salts cause
proteins to denature, while other salts stabilize the protein. These observations have since been
expanded upon by the Debye-Hickel theory. This theory was the first dielectric continuum model
to precisely predict experimental results for bulk electrolytes and give a picture of the molecular
behavior.>? Before this theory was proposed, experiments involving surface tension of 0il**** and
aqueous electrolyte solutions® introduced to water were already being reported with little
explanation of the interfacial observations. Subsequent theoretical calculations and refinement
were completed by Wagner, Onsager and Samaras which better matched experiments at low
concentrations; however, these surface tension calculations deviate significantly from experiment
at high concentrations.®®>" In addition, more recent experiments show that some ions are not
repelled from the interface, and instead seem to reside at the interface.%-%2 Further theory work by
Levin proposed polarizability of ions contribute to this attraction of ions to the interface.5®

However, while simulation and theory have improved to explain experimental observations and
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results of halides at the interface, there are still contradictory experimental/simulation results
regarding the affinity for these strong electrolytes at the air/water and oil/water interface.

Further study of the attraction or repulsion of strong electrolytes, such as hydroxide, for the
oil/water interface is important for several fields such as protein folding, medicine delivery and
environmental cleanup.®4%% Some theoretical studies suggest hydroxide ions remain in the bulk,®’
while other simulations show hydroxide is attracted to the interface.’®° There are few
experimental studies conducted on hydroxide affinity specifically for the oil/water interface, but
some have speculated that any negative charge accumulation at the oil/water interface is due to the
accumulation of hydroxide ions at the interface.® " Creux et. al.,”* go so far as to claim that
hydroxide is strongly attracted to both the air/water and oil/water interfaces, more so than a proton
or chloride ion. The apparently conflicting simulation and few existing experimental results
demonstrate that the interaction between hydroxide and oily molecules is still an open question.
Here we present results that contribute to addressing this question by comparing the affinities of
iodide and hydroxide for the hydration-shell of an oily solute dissolved in agueous salt solutions.

In this chapter, molecule behavior is studied by examining both the hydration-shell of tert-
butyl alcohol (TBA), as well as the recreated non-negative residual of TBA-perturbed spectra in
sodium iodide and sodium hydroxide solutions (I", OH") with Raman spectroscopy, self-modeling
curve resolution (SMCR)** and total least squares (TLS). Past studies have shown iodide
penetrates the hydration-shell of TBA more than other halides.”*" The present results agree with
the past literature results on iodide affinity for TBA and expands the results to encompass

hydroxide, thereby elucidating hydroxide’s place in the attraction/repulsion series of oil molecules.

3.3 Methods

Tert-butyl alcohol (Sigma-Aldrich, >99.7%), sodium iodide (Sigma-Aldrich, > 99.5%) and
sodium hydroxide (Acros Organics, 98.5%) were used to make three component systems using the
following procedure. The three component systems were created by first weighing the salt and the
TBA into individual 10 ml volumetric flasks and diluting to 1M and 0.5M, respectively, with water
from a Millipore purification system (H20, 18.2 MQ-cm from Milli-Q UF plus). Afterward, TBA
was weighed into a 5ml volumetric flask, and the aqueous salt from the previous step used to dilute
the TBA to 0.5M. Each volumetric flask was inverted several times to ensure all solids were

dissolved, and the solutions were pipetted into glass cuvettes and capped. All glassware was
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previously washed and stored in an oven overnight. All samples were freshly prepared, and data
taken within 24 hrs.

The samples were collected at 20°C using the Raman system described in section 1.2, and
analyzed to obtain the SC-spectra and TLS-spectra using the methods in section 1.3.

3.4 Results and Discussion

The following section will expand on the experimental results of the three component
mixtures of TBA, water, and various aqueous ions (Nal, NaOH and LiOH). While the hydration-
shell of TBA in the aqueous solutions does not show significant C-H stretch perturbation in
comparison to TBA in water, the TLS method manually adds the mixture’s components to reveal
TBA’s which are perturbed by the salt. Further, in this section it will become clear that the degree
to which the TBA is perturbed by the salt is dependent upon the type of anion.
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Figure 3.1 Raman-MCR SC-spectra in the solute CH and hydration-shell OH band regions. (A)
and (B) compare the SC spectra of TBA (0.5M) in Nal (1M) (solid green trace) versus TBA
(0.5M) in NaOH (1M) (solid green trace). Where the solid red trace is TBA in water (0.5M), the
solid blue trace is water, and the dashed light-blue trace is the aqueous salt [Nal (1M) and NaOH
(1M), respectively]. TBA in Nal data collected by Denilson Mendes de Oliveira.

Figure 3.1 displays the solute correlated spectra of TBA in water, TBA in aqueous salt,
aqueous salt, and water. The solid red and green traces are the minimum area solute correlated
spectra of TBA and any perturbed solvent, otherwise known as the hydration-shell, which is
comprised of the vibrations from the solute and closest perturbed solvent molecules. The solid red
trace is the hydration-shell of TBA in water, and the solid green trace is the hydration-shell of TBA
in aqueous salt. The O-H stretch from 3100-3800 wavenumbers is a combination of the O-H groups
on the TBA and water molecules. The C-H stretch from 2660-3030 wavenumbers, on the other
hand, consists only of vibrations from the solute and gives the most information about ions which
may penetrate the hydration-shell and perturb the TBA. However, as can be seen, the differences
between the C-H stretch of both the red and green traces is insignificant and does not reveal the
attraction or repulsion the ions have for TBA. To better uncover the behavior of ions at the
oil/water interface of TBA, the spectra have to be further decomposed from TBA perturbed by
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aqueous salt into TBAs which are perturbed by the ions. To accomplish this task, TLS was used
to find the residual spectral features of the three-component solutions. The TLS method uses the
solute, co-solvent and three-component mixture in water SC-spectra to manually obtain a non-
negative minimum area residual spectrum, which will be referred to as the TLS-spectrum and is
further explained in section 1.3.2. This TLS analysis yields similar results to the ion-correlated
spectra obtained with a previously published method” where Nal is shown to be less repelled by
the oily solute in comparison to NaF, which is significantly repelled. As a result, TLS is used to

analyze the data in this chapter.
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Figure 3.2 Raman-MCR SC spectra of the non-negative TLS-spectrum of TBA (0.5M) by the
salts (1M) (solid green), TBA in water (solid red, 0.5M), salt in water (dashed purple, 1M) and
water (dashed blue curve). (A) and (B) compare the full SC spectra of TBA perturbed by Nal (A)
versus NaOH (B). TBA in Nal data collected by Denilson Mendes de Oliveira.

Figure 3.2 displays the TLS-spectrum along with the solute and co-solvents which are used
to obtain the TLS-spectrum. The solid red trace is the solute, TBA in water; the dashed purple
trace is the co-solvent salt in water; the dashed blue trace is the other co-solvent, pure water; and
the solid green trace is the TLS-spectrum for the salts Nal and NaOH in Figure 3.2 (A) and (B),
respectively. When visually comparing the TLS-spectrum of TBA perturbed by Nal [Figure 3.2
(A)] versus TBA perturbed by NaOH [Figure 3.2 (B)], one can see that the intensity of the TLS-
spectrum for Nal is larger than that of NaOH, suggesting the number of TBA ions perturbed by
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Nal is greater than the number perturbed by NaOH. In fact, the CH stretch seems to be negligible
in comparison to Nal, which would suggest that NaOH is repelled by the oil/water interface.
However, upon closer inspection and analysis of the CH stretch, there is a small perturbation of
TBA by NaOH.

(A)  C-H stretch Nal (B)C-H stretch NaOH

*

— TBAinwater 3 : : 4
— Perturbed TBA j * i
----- magnified i
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Figure 3.3 C-H and C-C band regions of the Raman-MCR SC spectra of the non-negative TLS-
spectrum of TBA (0.5M) by the salts (1M) (solid green) and TBA in water (solid red, 0.5M). (A)
and (B) compare the solute CH band region of TBA perturbed by Nal versus NaOH along with
the TLS-spectra magnified to the area of the CH stretch of TBA in water (dashed green), while
(C) and (D) compare the solute CC band region of TBA perturbed by Nal versus NaOH along
with the TLS-spectra magnified to the area of the CC stretch of TBA in water (dashed green).
TBA in Nal data collected by Denilson Mendes de Oliveira.

Figure 3.3 focuses on the C-H and C-C stretch for both TBA in water SC-spectrum and
TLS-spectrum. The solid green trace is the C-H and C-C stretch of the perturbed TBA, while the
solid red trace is that of TBA in water. Again, the solid green C-H stretch TLS-spectrum of
perturbed TBA by Nal is larger than that of the solid green trace of TBA perturbed by NaOH. To
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quantify the degree of perturbation of the salt on TBA, the fraction of TBA-salt interactions to

total molecular interactions is calculated by the following:

f=tt= T 1)

At ItpatiTLs

Where the f-ratio is the fraction of CH stretch area of perturbed TBA (4,) divided by the
CH stretch area of the total interactions of the CH stretch (A;), or the intensity of the TLS CH
stretch (Ir.s) divided by the intensity of the TLS CH stretch and the intensity of the CH stretch of
TBA in water (Iyp,). This ratio gives a lower bound estimate of the amount of TBA which is
perturbed by the salt. In other words, this ratio can be used to estimate the degree to which an ion
penetrates the TBA hydration-shell.

The f-ratio for the C-H stretch (2820-3075 cm™) of Nal is fcu= 7.6%, while the f-ratio of
the C-H stretch for NaOH is fch= 2.6%. This indicates that Nal is less repelled by the oily solute,
which agrees with past literature. This also indicates that while NaOH does not seem to perturb
TBA, there is a small but measurable amount of perturbation by NaOH. This small perturbation
suggests that NaOH is more strongly repelled by the oil/water interface in comparison to Nal, in
direct contrast to Creux at al,”* who claim hydroxide is strongly attracted to the oil/water interface.
The solid green C-C stretch of the TLS-spectrum is a much smaller peak in comparison to the C-
H stretch for both Nal and NaOH. The f-ratio for the C-C stretch (665-815 cm™) of Nal is fcc=
2.2%, while the f-ratio of the C-C stretch for NaOH is fcc= 1.3%. The larger C-H f-ratio suggests
the salts may linger close to the methyl groups of TBA.
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Figure 3.4 C-H and C-C normalized band regions of the Raman-MCR SC spectra of the non-
negative TLS-spectrum of TBA (0.5M) by the salts (1M) (solid green) and TBA in water (solid
red, 0.5M). (A) and (B) compare the solute CH band region of TBA perturbed by Nal and NaOH
respectively normalized to the CH stretch, while (C) and (D) compare the solute CH band region
of TBA perturbed by Nal, and NaOH respectively normalized to the CC stretch. TBA in Nal data
collected by Denilson Mendes de Oliveira.

Figure 3.4 displays spectra which are normalized to the C-H and C-C stretch for both TBA
in water and the TLS-spectra in order to analyze any frequency shifts. As can be seen, there is a
significant C-H stretch shift between the TBA in water and the perturbed TBAs by both salts, while
the C-C stretch of the TLS-spectrum of perturbed TBA by NaOH is shifted more than the TLS-
spectrum of perturbed TBA by Nal. The average frequency difference of the CH stretch (2820-
2075 cm™) of the perturbed TBAs by both salts is remarkably similar, where TBA perturbed by
Nal versus TBA in water shows a red shift Awck= -10.9 cm™, while the perturbed TBAs by NaOH
versus TBA in water show a very similar red shift Awcnw= -10.3 cm™. The C-C stretch of both
salts, on the other hand, significantly varies with TBA perturbed by NaOH blue shifted, while the
perturbed TBAs by Nal show no shift. The average frequency difference of the C-C stretch of
perturbed TBAs by Nal versus TBA in water show a negligible shift of Awcc= -0.1 cm, while
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the average frequency difference of the C-H stretch of the perturbed TBAs by NaOH versus TBA
in water show a significant blue shift Awcc= 14.0 cm™. This suggests that the Nal ions reside
closer to the C-H bonds of the TBA, while the few NaOH ions which penetrate into TBA’s
hydration-shell may reside closer to the C-C bond of the TBA. Spectra of TBA in aqueous LiOH
were also collected to analyze any cation influence between the TBA and the anion, as Li is a

smaller and less polarizable atom in comparison to Na.

(B) C-H stretch NaOH

(A) C-H stretch LIOH =% .

— TBAinwater
= Perturbed TBA :
----- magnified i

Intensity (counts)

x38.5
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2600 2800 3000 2600 2800 3000
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Figure 3.5 C-H band regions of the Raman-MCR SC spectra of the non-negative TLS-spectrum
of TBA (0.5M) by the salts (1M) (solid green), the TLS-spectra magnified to the area of TBA in
water (dashed green) and TBA in water (solid red). (A) and (B) compare the solute CH band
region of TBA perturbed by LiOH and NaOH respectively.

Figure 3.5 presents the TLS spectra of the perturbed TBA in LiOH and NaOH, focused on
the C-H region. Both TLS spectra of TBA in LiOH and TBA in NaOH have similar intensities,
where the TBA perturbed by LiOH has a fch= 2.3%. The similar f-ratio between the two salts
suggests that the change in cation does not significantly influence the hydration-shell of the TBA,
which is consistent with past vibrational experiments showing little cation attraction or repulsion

for the oil/water or air/water interfaces.”"?

3.5 Conclusion

In conclusion, Nal shows significant TBA perturbation by the salt with a large C-H stretch
f-ratio, while NaOH has a much smaller C-H f-ratio at the same concentration. This small f-ratio

suggests that NaOH does not penetrate as much into the hydration-shell of TBA in comparison to
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Nal. However, while the number of hydroxides which do reside near the oil/water interface are
small, they are measurable. While these results show that hydroxide may reside near the oil/water
interface, the degree of affiliation is much more subtle in comparison to past experimental
literature which attributes any negative charge accumulation near hydrophobic surfaces to
hydroxide absorption.%® 72 In addition to determining the affiliation for hydroxide at this
oil/water interface, these results agree with past experiments which show no significant influence

of the cation on the behavior of the anion near the interface.

3.6 Future work

Further work in this area would include more experimental analysis of the proton for the
oil/water interface. Some theoretical studies suggest that hydronium ions are attracted to the oil-
water interface®’, while other simulations show the hydronium to stay in the bulk.®®® While there
is less experimental work on the proton at the oil/water interface, there are more studies which
analyze the proton at the air/water interface. These experiments, such as vibrational sum frequency
generation (SFG)® 8981 and second harmonic generation (SHG)® spectroscopy, indicate that the
proton is predominantly attracted to the air/water interface®3®* while the few oil/water’*"?
experiments report inconclusive results. Preliminary spectra of a proton around an oily molecule
were acquired with nitric acid and TBA (Appendix A, Figure A. 3), and analyzed using the same
methods described in section 3.3. However, running the TLS analysis on this data was incredibly
difficult due to the nitrate peak in nitric acid. The addition of co-solvents to recreate the residual
is made extremely difficult by the overlapping peaks between nitric acid and the TBA. As a result,
the next steps for this project would be to collect three-component spectra of TBA in aqueous
hydrochloric acid, then run a TLS analysis to determine how a proton behaves near an oil/water

interface.
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CHAPTER 4. THE INFLUENCE OF HYDROGEN PEROXIDE ON
HYDROPHOBIC HYDRATION-SHELL STRUCTURE

4.1 Abstract

The influence of hydrogen peroxide on the hydration-shell of an oily molecule, tert-butyl
alcohol, is studied using Raman multi-variate curve resolution. To quantify this influence, the
hydration-shell of TBA in aqueous hydrogen peroxide, aqueous sodium chloride and aqueous
deuterated methanol are analyzed for shape changes in the OH stretch and compared to that of tert-
butyl alcohol in water. Where the shape changes in the OH stretch region indicate structural
changes of the hydration-shell around the oily molecule. It is found that tert-butyl alcohol in either
aqueous sodium chloride or aqueous deuterated methanol results in a significantly perturbed
hydration-shell, while the hydration-shell of tert-butyl alcohol in hydrogen peroxide remains
remarkably comparable to that of tert-butyl alcohol in water. These results indicate sodium
chloride and deuterated methanol disrupt the hydration-shell, while hydrogen peroxide can

integrate into the hydration-shell of TBA and does not significantly influence the water structure.

4.2 Introduction

The behavior and physical properties of hydrogen peroxide have been an ongoing research
topic for more than one hundred years.8 While hydrogen peroxide has been industrialized for its
disinfecting properties,®® recent focus has shifted to the molecule’s molecular structure in water
and its potential use in supercooled experiments.8” Supercooled experiments are able to contribute
to phase change studies®®° as well as probe the behavior of various solutes at supercooled
conditions related to the biological®®°* and atmospheric®-** fields. However, there are still open-
ended questions regarding the chemical’s molecular behavior, specifically in water. While
experiments and theoretical studies have compared properties such as dielectric constant®**7 of
pure hydrogen peroxide to that of pure water, as well as studied the crystalline structure of pure®®-
101 and aqueous hydrogen peroxide®®-190:102-105 the influence of hydrogen peroxide on the structure
of water remains an open question.

This chapter will focus on hydrogen peroxide’s influence on the hydration-shell of an oily

molecule, specifically tert-butyl alcohol (TBA). Raman spectroscopy and Raman-SMCR are used
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to analyze the hydration-shell of TBA in aqueous hydrogen peroxide (H202), sodium chloride
(NaCl), and d-methanol (d-MeOH) at low and high concentrations. As will be discussed, the results
indicate that at low concentration there are relatively small changes in the hydration-shell of TBA
with hydrogen peroxide, NaCl, and d-MeOH. Yet at higher concentrations of hydrogen peroxide,
NaCl, or d-MeOH the hydration-shell of TBA is significantly more perturbed by NaCl and d-
MeOH in comparison to H20,. These results show that the oily molecules in agueous H2O2 show
similar affects to the hydration-shell of TBA to that of TBA in water, which suggests H-O> does
not significantly disturb the water network and, instead, behaves similarly to water.

4.3 Methods

Three-component solutions of tert-butyl alcohol (TBA) in the aqueous solvents of hydrogen
peroxide (H20z), sodium chloride (NaCl), and deuterated methanol (d-MeOH) were prepared.
TBA and NaCl were weighed, while H>O, and d-MeOH were transferred volumetrically into
individual 10 ml volumetric flasks and diluted to the necessary concentrations with water from a
Millipore purification system (H20, 18.2 MQ-cm from Milli-Q UF plus). Afterward, TBA was
weighed into multiple 5ml volumetric flasks and the aqueous solvent from the previous step used
to dilute the TBA to 0.5M. Each volumetric flask was inverted several times to ensure all solids
were dissolved, and the solutions were then pipetted into glass cuvettes and capped.

The samples were collected at 20°C using the Raman system described in section 1.2 and

analyzed to obtain the SC-spectra using the methods provided in section 1.3.

4.4 Results and Discussion

Figure 4.1 (A) displays the Raman spectra of water (dashed blue) and H2O> in water
solution (dotted purple), along with the solute-correlated spectra (SC-spectra) of hydrogen
peroxide in water (solid purple). As can be seen, the OH stretch region (~3200-3800 cm™) of the
solution in comparison to bulk water is remarkably similar, indicating the waters around
hydrogen peroxide behave like bulk water. In addition, the SC-spectrum of H20- in water
[Figure 4.1 (A)] reveals four peaks in the OH stretch region from ~2800-3660 cm, which are
attributed to the H2O2 and perturbed water molecules. More specifically, we assign the peak
~2850 cm to the bend overtone of H20-, the 3065 cm™ and 3225 cm® peaks to the hydrogen
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bonds of Hrz02--Owater aNd Huwater--Owater, respectively, and the high frequency 3540 cm™ peak to
the Hwater--—-On202 bond. The peaks from ~1200-1800 cm are assigned to the bend vibrations of
the waters around H20, along with the bend vibrations of H,O,. The peak at 1640 cm™ is
slightly shifted from that of pure water and is assigned to the bend vibrations of water in the
hydration-shell of H.O,, while the ~1460 cm™ peak is associated with the bend vibrations of
H.0.. Finally, the peak at ~876 cm™ belongs to the OO stretch of the hydrogen peroxide. The
in-depth analyses of the assignments for these peaks is further described in a forthcoming
published paper. The following chapter will instead focus on the results of H2O influence on the
hydrophobic hydration-shell.
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Figure 4.1 (A)-(C) are Raman spectra of pure water and hydrogen peroxide in water along with
Raman-MCR of hydrogen peroxide in water (1M). (B) focuses on the OH bend region and (C)
focuses on the OH stretch region. (D) and (E) show concentration-dependent SC spectra of H.O>
bend and stretch regions, respectively, along with water (blue, dashed) where (B)-(E) are
normalized to the OH stretch region and the bend regions (B) and (D) are magnified by a factor
of four. (D)-(E) collected by Denilson Mendes de Oliveira).

To determine the influence of H202 on the hydrophobic hydration-shell, the hydration-shell
of TBA in aqueous H202, NaCl, and d-MeOH at both low and high concentrations were compared
to TBA in water. NaCl and d-MeOH were chosen because both molecules are relatively similar in
size to H2O> and are soluble in water up to the relevant concentrations. While these molecules are
similar in these aspects, their influences on the hydration-shell are surprisingly different in

comparison to H>Ox.
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Figure 4.2 Comparison of the TBA hydration-shell in water versus aqueous (A) and (D) H20.,
(B) and (E) NaCl, and (C) and (F) d-MeOH at (A)-(C) low (1M), and (D)-(F) high (5M)
concentration. The two inset panels are expanded views of the OH stretch [upper left for (A)-(F)]
and the dangling OH stretch [lower right for (A)-(F)]. Data for d-MeOH were collected by
Denilson Mendes de Oliveira.

As can be seen in Figure 4.2, the hydration-shell SC-spectrum of TBA in water (solid red)
is compared with TBA in aqueous H>O2, NaCl, and d-MeOH (solid orange) at low concentration
(1M) and high concentration (5M). The inset panels focus on the OH stretch and contain magnified
spectra, where the area of the OH stretch (~3070-3620 cm™) of TBA in aqueous H202, NaCl, and
d-MeOH is equal to the OH stretch area of TBA in water (dashed orange). The hydration-shell
shape between TBA in water versus the three component mixture is more difficult to ascertain at
low concentrations [Figure 4.2 (A)-(C)]. As can be seen at low concentration, the H.O, and d-
MeOH spectra show the least amount of shape change in the hydration-shell, while the NaCl (B)

shows a subtle increase in the high frequency shoulder of the OH stretch. The high concentration
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spectra [Figure 4.2 (D)-(F)], on the other hand, magnify and better display shape changes of the
OH stretch in comparison to the low concentration spectra. What is most noticeable and surprising
is that while the area of the OH stretch decreases for TBA in aqueous H>O> at higher concentration,
the shape of the OH stretch remains remarkably similar to that of TBA in water [Figure 4.2 (D)].
The depletion of the OH stretch is consistent and expected as water molecules are replaced with
H20: in the solution. What is unexpected is the consistent OH shape which indicates H>O; is not
disrupting the structure of the remaining waters around TBA, a direct contrast to the other
molecules at the same concentration.

The OH stretch in aqueous NaCl and d-MeOH [Figure 4.2 (E)-(F)], on the other hand,
shows depletion as well as significant differences in shape. Both NaCl and d-MeOH show an
average OH stretch shift to higher frequency, Aw = -11 cm™ and Aw = -14 cm™, respectively, in
comparison to TBA in water, where the average OH stretch was calculated from 3200-3800 cm'™®
using equation (1) from section 2.4. This average OH stretch shift reveals the NaCl and d-MeOH
influence on the structure of the remaining waters around TBA. Furthermore, the decrease in
intensity on the low frequency peak around 3200 cm™ is indicative of a decrease in tetrahedrality
of the hydration-shell of TBA.1%-197 |n addition to the OH stretch, the dangling OH stretch (located
~3660 cm™) also shows NaCl and d-MeOH further influencing the hydration-shell of TBA,36: 108

The dangling OH stretch (~ 3660 cm™) of the high concentration spectra for NaCl and d-
MeOH [Figure 4.2 (E)-(F) bottom right inset panel] both show changes in intensity in comparison
to the dangling OH of TBA in water. The increase in the dangling OH intensity for NaCl implies
the ions of the molecule disrupt the hydration-shell around TBA and increase the number of
dangling OH water molecules. The decrease in intensity of the dangling OH stretch of d-MeOH
indicates that as the concentration of d-MeOH increases, the number of dangling water molecules
is reduced as the dangling water molecules are displaced by the d-MeOH. The intensity of the
dangling OH stretch of H2O [Figure 4.2 (D) bottom right inset panel], on the other hand, remains
unchanged in comparison to TBA in water, which suggests that even though the water molecules
around TBA are being displaced by H2>O3, the change does not influence the number of dangling
waters molecules.

In addition to first round SMCR, total least squares (TLS) was used to determine the non-
negative residual spectra as described in section 1.3.2.
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Figure 4.3 (A)-(C) TLS-spectra of TBA (0.5M) in water (solid red) and TBA (0.5M) perturbed
by aqueous H>02, NaCl and d-MeOH (5M) respectively (solid green). The inset panels include a
magnified CH stretch (dashed green) equal to the same CH stretch area of TBA in water. Data
for panel (C) was collected by Denilson Mendes de Oliveira.

Figure 4.3 shows the TLS-spectra of TBA in water (solid red) and the non-negative spectra
residual of TBA in aqueous H2O2, NaCl, and d-MeOH (solid green) at the higher concentration
(5M). The residual is the amount of TBA which is perturbed by H.O>, NaCl, and d-MeOH. Table
4.1 displays the resulting CH stretch f-ratios, where the f-ratio is the fraction of TBA perturbed by

the aqueous molecules divided by that of the total interactions in the solution, calculated by

f=it= it 0

At IrpatlrLs

where the CH stretch area of perturbed TBA (4,) is divided by the CH stretch area of the total
interactions of the CH stretch (A;). The f-ratio produced by the various high concentration (5M)
salts (Table 4.1) again shows little perturbation of TBA by H2O2, with an fch= 2% remarkably
similar to the fraction of perturbed TBA by H20O at low concentration (1M). Both NaCl and d-
MeOH, on the other hand, show significant perturbation of TBA with fch= 11% and fch= 6%
respectively. This fraction of perturbed TBA is also reflected in the inset panels of Figure 4.3 (A)-
(C) where the perturbed TBA is magnified to the area of TBA in water, and shows H2>O: perturbing
TBA less than either NaCl or d-MeOH. These results indicate that H.O> integrates into the

hydration-shell of the oily molecule and does not significantly perturb the surrounding water
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molecules as opposed to NaCl and d-MeOH which penetrate the hydration-shell and disrupt the

water structure.

Table 4.1 Comparison of the C-H stretch f-ratio of TBA perturbed by high (5M) concentration
of aqueous salt.

Solvent CH f-ratio (5M)
H20; 0.0219554
NaCl 0.108378

d-MeOH 0.0647604

45 Conclusion

In conclusion, H20- does not show signs of influencing the hydration-shell of an oil molecule
and instead integrates into the hydrogen bonding network and behaves similarly to water. At high
concentrations, where the OH stretch depletes and water molecules are replaced with H.O, the
shape remains remarkably like TBA in water. Furthermore, the dangling OH stretch also remains
relatively unchanged, suggesting that the number of dangling OH groups remain the same despite
the increase in H2O, concentration. This is in direct contrast to NaCl and d-MeOH, where both
molecules show significant influence on the hydration-shell of TBA, with the OH stretch depletion
and shape change indicating a loss in tetrahedrality of the hydration-shell. These molecules, as
opposed to H20-, also affect the number of dangling OH groups, with NaCl and d-MeOH having
opposite effects, with NaCl increasing and d-MeOH decreasing the number of OH groups around
TBA. Furthermore, the TLS-spectra indicate NaCl and d-MeOH significantly perturb TBA, while
H20. shows little perturbation at the relatively high concentration. These results suggest that H,O>
behaves similarly to water and does not significantly alter the hydrogen bonding network of the
hydration-shell. This feature could be of use to those studying solutes at low temperature, as H20>

could be used as an additional cooling agent.

4.6 Future work

This work shows that H>O> can integrate into the hydrogen bonding network and leave the
hydration-shell water structure relatively unaffected. As past experiments have shown, H20, has
the potential to reach supercooled temperatures, allowing future work using hydrogen peroxide to
include studies related to supercooled experiments. Extending experiments to supercooled
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temperatures is important in answering a variety of questions, from natural anti-freeze properties
to investigating potential low temperature hydration-shell crossovers.®® 1% While H,O; can reach
supercooled temperatures and does not seem to influence the hydration-shell of oily molecules,
more research must be conducted to explore any inhibited properties, such as density between

supercooled water and aqueous H20,.110-111
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APPENDIX A. ADDITIONAL ION AFFILIATION SPECTRA

The following are additional spectra collected using the same methods described in section 3.3 of

TBA in aqueous NaCl and LiCl.

A) TBA with NaCl

— \Water
= - NaCl,,

1_||||||||||||||||||||||

2800 3000 3200 3400 3600

Intensity

(B) TBA with LiCl

== TBA in water
= TBA in LiClgyg
= Water

== LiCl

(aq)

LB T T LI —r |1 r r 1|1 11717

2800 3000 3200 3400 3600

-1
Wavenumber (cm )

Figure A. 1 Raman-MCR SC spectra in the solute CH and hydration-shell OH band regions. (A)
and (B) compare the SC spectrum of TBA in NaCl (solid green trace) versus TBA in LiCl (solid
green trace) both normalized to the CH stretch. Where the solid red trace is TBA in water, the
solid blue trace is water, and the dashed light-blue trace is the aqueous salt (NaCl and LiCl
respectively).
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Figure A. 2 C-H band regions of the Raman-MCR SC-spectra of the non-negative TLS-
spectrum of TBA by the salts (solid green), the TLS-spectra magnified to the area of TBA in
water (dashed green) and TBA in water (solid red). (A) and (B) compare the solute CH band

region of TBA perturbed by NaCl versus LiCl, respectively.

66



The following are preliminary SC and TLS spectra of TBA in aqueous nitric acid.
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Figure A. 3 (A) Raman-MCR SC-spectra in the solute’s CH and hydration-shell OH band
regions. Where the solid green trace is TBA in HNOg, solid red trace is TBA in water, the solid
blue trace is water, and the dashed light-blue trace is aqueous HNOs. (B) Raman-MCR SC-
spectra of TBA in water (solid red), salt in water (dashed purple), and water (dashed blue curve)
as well as the non-negative TLS-spectrum of TBA by HNOs (solid green). The inset panel
contains the TLS-spectrum magnified to the area of TBA in water (dashed green).
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The following are preliminary SC and TLS spectra of TBA in aqueous sodium nitrate.
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Figure A. 4 (A) Raman-MCR SC spectra in the solute’s CH and hydration-shell OH band
regions. Where the solid green trace is TBA in NaNOs, solid red trace is TBA in water, the solid
blue trace is water, and the dashed light-blue trace is agueous NaNOs. (B) Raman-MCR SC-
spectra of TBA in water (solid red), salt in water (dashed purple), and water (dashed blue curve)
as well as the non-negative TLS-spectrum of TBA by NaNOz (solid green). The inset panel
contains the TLS-spectrum magnified to the area of TBA in water (dashed green).
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APPENDIX B. ADDITIONAL SPECTRA FOR HYDROGEN PEROXIDE
INFLUENCE ON HYDRATION-SHELL

The following is an additional figure for chapter 4. It contains SC-spectra of H20- in water, d-
MeOH in water as well as TLS-spectra of TBA perturbed by H.O> and TBA perturbed by d-
MeOH focused in the OO stretch region and CD stretch region.
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Figure B. 1 O-0 and C-D band regions of the non-negative TLS-spectrum of TBA perturbed by
H20, and TBA perturbed by d-MeOH (solid green) as well as TBA in water (solid red). (A) and
(B) compare the solute O-O stretch band region of TBA perturbed by H>O> at low (1M) and high
(5M) concentration, while (C) and (D) compare the C-D band region of TBA perturbed by d-
MeOH at low (1M) and high (5M) concentration. Data for panels (C)-(D) were collected by
Denilson Mendes de Oliveira.
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