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ABSTRACT: The temperature-dependent hydration structure of 2 7 T—omaana TORAGOZTC
long-chain fatty acids and alcohols at air—water interfaces has great g 2] Octadecanal,, 10% HOD 1'C
significance in the fundamental interactions underlying ice nucleation f ™1

in the atmosphere. We present an integrated theoretical and e : \
experimental study of the temperature-dependent vibrational 5 ] “Gcusecana
structure and electric field character of the immediate hydration § o] ~

shells of fatty alcohol and acid headgroups. We use a combination of Zz o

surface-sensitive infrared reflection—absorption spectroscopy $ /

(IRRAS), surface potentiometry, and ab initio molecular dynamics g odt
simulations to elucidate detailed molecular structures of the - -
octadecanoic acid and octadecanol (stearic acid and stearyl alcohol) : : .

headgroup hydration shells at room temperature and near freezing. o »

In experiments, the alcohol at high surface concentration exhibits the

largest surface potential; yet we observe a strengthening of the hydrogen-bonding for the solvating water molecules near freezing for
both the alcohol and the fatty acid IRRAS experiments. Results reveal that the hydration shells for both compounds screen their
polar headgroup dipole moments reducing the surface potential at low surface coverages; at higher surface coverage, the polar
headgroups become dehydrated, which reduces the screening, correlating to higher observed surface potential values. Lowering the
temperature promotes tighter chain packing and an increase in surface potential. IRRAS reveals that the intra- and intermolecular
vibrational coupling mechanisms are highly sensitive to changes in temperature. We find that intramolecular coupling dominates the
vibrational relaxation pathways for interfacial water determined by comparing the H,O and the HOD spectra. Using ab initio
molecular dynamics (AIMD) calculations on cluster systems of propanol + 6H,0 and propionic acid + 10H,0, a spectral
decomposition scheme was used to correlate the OH stretching motion with the IRRAS spectral features, revealing the effects of
intra- and intermolecular coupling on the spectra. Spectra calculated with AIMD reproduce the red shift and increase in intensity
observed in experimental spectra corresponding to the OH stretching region of the first solvation shell. These findings suggest that
intra- and intermolecular vibrational couplings strongly impact the OH stretching region at fatty acid and fatty alcohol water
interfaces. Overall, results are consistent with ice templating behavior for both the fatty acid and the alcohol, yet the surface potential
signature is strongest for the fatty alcohol. These findings develop a better understanding of the complex surface potential and
spectral signatures involved in ice templating.

1. INTRODUCTION are well accepted, recent evidence suggests that, at cooler
temperatures, long chain fatty acids from the sea surface

Fatty alcohol and fatty acid monolayers are highly relevant in °s
microlayer are active in the ice nucleation process.”” It has

ocean surface chemistry, aerosols, ice nucleation in clouds, oil
recovery, and biomembranes, though studies of their hydration
and surface potential properties at low temperatures are
limited. Garrett et al. showed that the major organic Received: July 8, 2021
constituents of the ocean surface are high molecular weight Revised:  October 28, 2021
molecules with low water solubility, such as fatty alcohols and

acids." Surface activity of these fatty compounds is well

established such that they congregate at aqueous surfaces.

While the favorable ice nucleation properties of fatty alcohols

been shown through molecular simulations and laboratory
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experiments that ice nucleation efficiency is increased by good
structural matching of the hydrogen-bonding structure of water
around a fatty alcohol interface to that of bulk ice.” This
structural matching is well-known as ice templating, where
theoretical studies have linked the freezing behavior to the 2D
structure at the water interface.” In addition to ice nucleation
processes, these fatty compounds are also key components in
biomembranes and play a role in chemically enhanced oil
recovery.” To develop more detailed models for the formation
of monolayer and bilayers and their biological functions,
Serafin et al. showed that phospholipid—fatty alcohol
complexes can stably form at the air—water interface.’

Although research on hydration of fatty acid and alcohols is
limited, recent spectroscopic work of the solvation structure of
both dilute and concentrated short-and medium chain linear
alcohols in solution as a function of temperature is notable.’~"°
Davis et al,, using Raman scattering measurements, showed
that very dilute alcohol solutions at temperatures just above 0
°C promote ordering of the surrounding hydrogen-bond
network of water, whereas increasing temperature or alcohol
chain length was shown to disrupt the ordering of the
hydration shell.” These solution Raman studies were later
confirmed by Deng et al. using IR-spectroscopy measurements
also revealing changes in the tetrahedral water structure of the
hydration shell.' In addition to solution-based studies, cluster
and molecular simulation approaches provide an important
picture on the hydrogen-bonding network in aqueous
solutions.'' ™' Previously, it has been shown that three to
four water molecules are in direct contact with the OH ion in
aqueous solution."' "' Fujii et al. showed that small
protonated methanol clusters undergo a phase change borne
out in the hydrogen-bonding structure with temperature
elevation.'” Additionally, a study on freezing behavior of
aqueous-alcohol nanodroplets as a function of alcohol
concentration showed that nucleation occurs throughout the
volume of the nanodroplet (bulk) rather than at or near its
surface."®

Understanding hydration of monolayers and how differences
in microenvironment can affect the hydrogen bond network
has been of particular interest for many years."”~** In 1993
Alper and coauthors studied the behavior of water hydration in
a phospholipid monolayer. Their results revealed rapid water
motion yet preferential ordering with three hydration shells
about the lipid phosphocholine group with a clathrate-like
hydration structure around the choline.'” Several studies of
water in reverse micelles have been used to describe nano
confined water and to obtain information regarding
perturbations to the hydrogen bond network using a core—
shell model. The core—shell model consists of a bulk water
component and an interfacial water component for all reverse
micelle sizes. This model suggests that the core water
molecules would not be substantially affected by the
interface.”>*® Such studies demonstrated that confinement
significantly affects the hydrogen bond network evolution of
water in small reverse micelles.”””" While interfacial and
confining environments are not necessarily the same, they both
provide important information on the hydrogen-bonding
network. The core—shell model of water dynamics were
subdivided into two main contributions, a shell region
corresponding to the water molecules strongly associated
with the lipid headgroups and a core region consisting of water
molecules positioned away from the headgroup that possess
bulk-like properties.”> Structure and dynamics understanding

of liquid water remains an important and challenging problem,
in particular, in the interpretation of the OH stretch region
since it is extremely sensitive to molecular environments.
Studies argue that the intermolecular and intramolecular
coupling make the interpretation of this region difficult.”’
Therefore, studies of isotopic dilution focusing on dilute HOD
mitigates the effect of intramolecular and intermolecular
vibrational coupling to other vibrational modes.”>™*° More-
over, the OD stretch of dilute HOD in H,O is used to
eliminate problems due to vibrational excitation transfer.”’
Herein, we first evaluate and quantify the temperature-
dependent hydration effects of two different fatty compound
monolayers using interfacial surface pressure and surface
potentiometry. Both techniques provide information on the
overall monolayer structure and intermolecular interactions.
Surface potentiometry provides information on dipole moment
alignment of the compounds and their hydration shell. To
reveal changes in hydration as a function of temperature,
infrared reflection—absorption spectroscopy (IRRAS) is
utilized to collect surface-sensitive infrared spectra of
octadecanol (stearyl-dy, alcohol) and octadecanoic acid
(stearic-dy; acid) monolayers at the air—water interface.
IRRAS provides a unique advantage given that it only probes
the monolayer and the hydration shell immediately perturbed
by the presence of the compounds at the interface. We
spectrally measure the OH stretching modes of the headgroups
and their hydration shells as well as the HOH bending modes
of the hydrating water molecules. We also examine the OD
stretch of dilute HOD in H,O to understand the impacts of
vibrational excitation transfer. Additionally, to gain insights
into the temperature-dependent vibrational structure of the
headgroup and water molecules in the first solvation shell
around alcohols and carboxylic acids, the IR spectra of the
propanol + 6H,0 and propionic acid + 10H,O are computed
from ab initio molecular dynamics (AIMD) calculations. The
temperature dependence of the spectra is then calculated using
techniques from fluctuation theory. A spectral decomposition
technique is introduced and used to correlate specific OH
stretching motions to spectral features. Although, molecular
dynamics studies on the changes in hydration structure around
the headgroup at the monolayer interface have been previously
performed, to our knowledge a study on changes in vibrational
structure and transition moments with temperatures have not
been conducted. Our experimental and theoretical calculations
show that strong correlations between OH stretching modes
play a significant role in the spectra, as well as coupling
between OH stretching and H,O bending modes. The IRRAS
spectra suggest that these highly correlated interactions disrupt
the water—water hydrogen-bonding network near freezing
temperature. The spectral frequency shifts, however, show a
red shift suggesting more ordered water molecules at lower
temperatures. Our experiments in dilute 10% HOD in H,O
reveal the degree to which vibrational excitation transfer occurs
in 100% H,O underlining the role of intramolecular coupling.

2. EXPERIMENTAL AND COMPUTATIONAL
METHODS

2.1. Materials. Octadecanoic acid (stearic acid,
CH,(CH,),,COOH,>99%, Sigma-Aldrich), octadecanol
(stearyl alcohol, CH;(CH,),;OH, 99%, Sigma-Aldrich),
deuterated octadecanoic acid (stearic-d;s acid,
CD;(CD,)cCO,H, > 98%, Sigma-Aldrich), and deuterated
octadecanol (stearyl-d;, alcohol, CD,(CD,);;OH, > 98%,
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Cambridge Isotopes Laboratories) were used as received. The
compounds were dissolved in chloroform (HPLC grade, Fisher
Scientific) to prepare ~3 mM octadecanoic acid and
octadecanol solutions and ~2 mM octadecanoic-dss acid and
octadecanol-d;; solutions. Control experiments were per-
formed using a cationic surfactant, dimethyldioctadecylammo-
nium (bromo salt, DDBA; > 98% Sigma-Aldrich). Nanopure
water with a resistivity of 18.2 MQ-cm (Milli-Q Advantage
A10, EMD Millipore) and 5% deuterium oxide (D,O, 99.9
atom % D, Sigma-Aldrich) in nanopure water were used as the
aqueous subphases. The ultrapure water had a pH of 5.6 due to
atmospheric CO, acidification and was equilibrated at room
temperature prior to starting experiments.

2.2. Surface Pressure and Surface Potential-Area
Isotherms. Surface pressure and surface potential—area
isotherm experiments were conducted in triplicate using a
Teflon Langmuir trough with Delrin barriers (KSV NIMA,
Biolin Scientific, 549.08 cm® in surface area). Prior to a
measurement, the trough and barriers were thoroughly cleaned
with reagent alcohol (Histological grade, Fisher Scientific) and
ultrapure water. The surface potential (SPOT, KSV NIMA)
sensor was placed halfway along the length of the trough and
about 1-2 mm above the water surface, leaving enough
distance from the trough edges to reduce interference. The
counter electrode was submerged in the subphase parallel to
the vibrating probe surface. The SPOT sensor was allowed to
equilibrate with its surroundings for at least 10 min before
starting the first experiment. Surface pressure was measured
using the Wilhelmy plate method with a filter paper plate
(Ashless grade 41, Whatman, GE Healthcare) that was
completely wetted prior to running a compression isotherm
experiment. The trough was then filled with ultrapure water;
surface cleanliness (surface pressure <0.20 mN/ m) was
verified by sweeping the barriers at a compression speed of
270 mm/min/barrier. Surface pressure and surface potential
were then zeroed, and a microsyringe (Hamilton) was used to
spread the surfactant solution dropwise onto the subphase.
Ten minutes were allowed for solvent evaporation, followed by
symmetrical and constant compression of the monolayer at a
rate of 10 mm/min (5 mm/min/barrier). Surface pressure and
surface potential—area isotherms were conducted at 21.0 °C
and 1.0 = 1.0 °C and a relative humidity of 35 + 5%.

2.3. Infrared Reflection—Absorption Spectroscopy.
Interface-sensitive infrared reflection—absorption spectroscopy
(IRRAS) was used to spectrally evaluate the interfacial region.
A custom-built setup was used and placed in the chamber of a
Fourier transform infrared (FTIR) spectrometer (Frontier,
PerkinElmer) with a liquid-nitrogen-cooled HgCdTe (MCT)
detector. A Langmuir trough was set inside the spectrometer
on a breadboard containing two gold mirrors. The first mirror
directs the incoming unpolarized IR beam to the sample
surface at a 48° incident angle relative to the surface normal.
As some of the light is reflected off the water surface, it is
directed by the second gold mirror toward the MCT detector.
Each spectrum was collected as an average of 400 scans using a
single-beam mode over the full spectral range of 4000—450
cm™" at a 4 cm™' setting. Data analysis was performed using
Origin software (OriginLab 9). The spectra shown here are
plotted as an average of at least three individual spectra. The
OH stretching region spectra were individually baseline-
subtracted using a line function between the end points
3800 and 2900 cm™!, and the HOH bending mode spectra
were baseline-subtracted by fitting a fourth order polynomial

function along the baseline between 1900 and 1250 cmL

Spectra were collected at 21.0 °C and 1.0 + 1.0 °C and a lab
relative humidity of 35 + 5%.

2.4. Ab Initio Molecular Dynamics. The first solvation
shell around a model alcohol and a model fatty acid is studied
using ab initio molecular dynamics (AIMD). The model
alcohol system chosen is propanol (C;H,OH) + 6H,0. The
model fatty acid system chosen is propionic acid
(C,H,COOH) + 10H,0. Twenty AIMD trajectories for
each of these systems are performed for 2 ps with a time
step of 0.5 fs in the canonical (NVT) ensemble. The ®B97X-D
functional is used in concert with the aug-cc-pVDZ basis to
obtain energies, gradients, and dipole moments at each time
step in the trajectories.’*” Initial velocities are sampled from a
Boltzmann distribution at 300 K. A Nosé—Hoover thermostat
at 300 K is employed with a chain length of 3 and a 100 fs time
scale.”> All AIMD calculations are performed in Q-Chem.**
The IR spectra are computed by taking the Fourier transform
of the autocorrelation function of the dipole moment.*

A spectral decomposition technique is presented based on
the outer product of the Fourier transformed velocity vectors,
forming the ® tensor, as described in Mathias et al.*® This
object is made up of a 3N X 3N matrix for each frequency in
the Fourier transform, where N is the number of atoms and is
the velocity cross correlation matrix in Cartesian coordinates.
Previous studies have diagonalized this matrix for each
frequency to identify the dominant molecular motion
correlated with each freiuency in order to characterize spectra
with overlapping bands.”” Here, however, we are interested in
correlating spectral features with different OH stretches and
their relative weights. In order to do this, we transform the ©
tensor into internal coordinates via multiplication by the
Wilson B matrix.”® This allows for the decomposition of each
peak in internal coordinates, thus allowing for each spectral
feature to be understood as the sum of the weight of each
coordinate. Each spectral feature can be expressed as a sum of
weights of sets of correlated internal coordinates, as discussed
in Section 3.2.2 and Section 3.2.3. Further details on the
calculation of these weights are given in the Supporting
Information.

The temperature dependence of the IR spectra was
computed using the techniques of fluctuation theory, as
described in Piskulich et al,*” though the computation of the
autocorrelation function in Piskulich et al. is adapted for
condensed phase systems and differs from the techniques used
in Q-Chem and thus this study, described in the Supporting
Information. The IR spectra are computed from AIMD
calculations at 300 K and scaled to obtain the intensities at
270 K. Previous studies accurately predicted the spectral shift
in pure water systems for shifts of up to 60 K. The
frequencies in the calculated spectra in Sections 3.2.2 and 3.2.3
are scaled by a factor of 0.98212 to aid in comparison to
experimental values. This factor was calculated to adjust the
frequency corresponding to maximum intensity at 27 °C in the
OH stretching region of propanol + 6H,0 (3644 cm™) to the

experimental peak at 3581.5 cm™.

3. RESULTS AND DISCUSSION

3.1. Impacts of Temperature on Fatty Alcohol and
Fatty Acid Monolayer Structure. To quantify the temper-
ature-dependent hydration effects on monolayer structure, the
organization of the monolayer is first probed via surface
pressure—area isotherms in tandem with surface potentiom-
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Figure 1. (a) Surface pressure isotherm of octadecanoic acid (top) and octadecanol (bottom) at 21.0 °C (red) and 1.0 1.0 °C (blue) indicating
the different phase transitions. (b) Surface potential changes of octadecanoic acid (top) and octadecanol (bottom) as a function of monolayer
density at 21.0 °C (red) and 1.0 + 1.0 °C (blue). Surface pressure and surface potential isotherm and exact MMAs used for each surface potential

point can be found in the Figure SI and Table SI.

etry, Figure 1. Both techniques provide insights on the overall
monolayer structure and intermolecular interactions, and
surface potentiometry provides semiquantitative information
on dipole alignment of the compounds and their hydration
shells.* Octadecanoic acid (CH;(CH,);sCOOH) and octa-
decanol (CH,;(CH,);;OH) were chosen to represent model
sea spray aerosol films due to their marine-relevance and
abundance in laboratory-generated nascent sea spray aerosol.*'
Both compounds have identical chain lengths and are neutrally
charged (protonated) at pH S.6, the pH of ultrapure water
used in the experiments. Thus, the headgroup and its hydration
structure drive the differences in the surface pressure—area
isotherms and surface potential measurements.

All measurements were collected at both room temperature
(21.0 + 0.5 °C) and near freezing (1.0 + 1.0 C) to represent a
realistic range of temperatures experienced by sea spray aerosol
in the atmosphere. Surface pressure—area isotherms near
freezing have not been previously investigated, and prior
studies have shown surface pressure data of fatty acids and
fatty alcohols*~** at temperatures no lower than § °C.***
Film studies have also measured the surface potential of both
fatty alcohols and fatty acids to obtain organizational
information, but not at lower temperatures.”””* These
measurements were carried out to better understand the
octadecanol and octadecanoic acid monolayer structural
change and altered hydration environments at low temper-
atures.

At room temperature, our surface pressure—area isotherms
closely match isotherms in the literature, Figure 1a,*"*%*073¢
As the barriers compress the octadecanol and octadecanoic
acid monolayers to smaller mean molecular area (MMA), the
films undergo a 2D phase transition. The first phase transition,

known as the lift-off point, starts at the gas-tilted condensed
(G-TC) coexistence region in which gaseous regions without
aggregated fatty compounds coexist with small circular
domains of aggregates in the TC phase. The monolayer
transitions to the tilted condensed (TC) phase at 21 A2/
molecule for octadecanol and 24 A?/molecule for octadecanoic
acid, where the domains start to fuse together to form a fully
condensed monolayer.”>*” " Upon further compression in
the TC phase, the monolayers transition into the untilted
condensed (UC) phase at 18.6 A*/molecule for octadecanol
and 19.5 A?/molecule for octadecanoic acid. In this phase, the
compounds are highly compressed and oriented nearly
perpendicular to the water surface, causing the formation of
a fully condensed film. Additionally, the octadecanol and
octadecanoic acid films reach a maximum surface pressure
observed at ~57.5 and ~47 mN/m, respectively. Hence, the
octadecanol monolayer is more compressed relative to the
octadecanoic acid monolayer across all two-dimensional phases
due to the smaller spatial requirement for the alcohol
headgroup in comparison to the larger carboxylic acid
headgroup.

The surface pressure—area isotherms near freezing (1 °C)
shown in Figure 1a are remarkably similar in shape to the room
temperature isotherms, but there are some clear differences in
the isotherm phase transitions. Octadecanol and octadecanoic
acid monolayers lift-off at 20 and 23 A*/molecule, respectively,
decreasing the lift-off points by 1 A*/molecule relative to the
values at room temperature. The phase transition from the TC
to the UC phase occurs at 17.8 A*/molecule for octadecanol
and at 18.8 A?/molecule for octadecanoic acid, 0.8 A%/
molecule smaller relative to the MMA values for both
compounds at room temperature. Moreover, the octadecanol
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and octadecanoic acid films reach a maximum surface pressure
at ~64.4 and ~59.8 mN/m, respectively, approximately 10
mN/m higher than the maximum monolayer surface pressures
at room temperature. Thus, low temperature promotes tighter
compression of both monolayers. Additionally, the lowered
temperature has a nearly identical effect on the magnitude of
MMA shifts in the isotherms for octadecanol and octadecanoic
acid, suggesting that the magnitude of compression upon
lowering the temperature is about the same for both
compounds.

To gain more insight on monolayer organization and
headgroup hydration, surface-sensitive surface potential
measurements were obtained during monolayer compression.
Surface potential is a technique that measures electrical
properties of bare and surfactant-covered aqueous interfaces.*'
In these experiments, surface potential is measured as the
difference in voltage from a clean water surface. The
hydrophobic tail, polar headgroup, and composition of the
underlying aqueous subphase all strongly influence the surface
potential measurements.*>*’~*1 7 Gurface potential varia-
tion during monolayer compression is often discussed in terms
of changes in dipole moment alignment due to tail orientation
relative to the water surface; however, increasing molecular
density and polar headgroup orientation and dehydration
during monolayer compression are also important contributors
to the overall surface potential.”® Quadrupole contributions
have also been indicated in some systems.”” The headgroup
hydration shells screen the polar headgroup dipole moments,
thereby reducing the surface potential at large MMAs.
Monolayer compression to low MMAs dehydrates the polar
headgroups, reduces the digpole moment screening, and the
increases surface potential.’’

Figure 1b shows the surface potential response obtained for
the three different octadecanol (bottom) and octadecanoic
acid (top) monolayer phases (G-TC, TC, and UC). Our
results show that the surface potential becomes nonzero and
increases in magnitude in the G-TC coexistence phase (larger
MMA values than the lift-off points in the surface pressure—
area isotherms) for both octadecanol and octadecanoic acid at
room temperature and near freezing. This suggests that
domains form throughout compression in the G-TC
coexistence phase, resulting in a positive surface potential
value even when the surface pressure remains at zero prior to
transition into the TC phase. Dehydration of the headgroups is
also likely. At room temperature, octadecanoic acid has a
surface potential of 157 + 97 mV in the G-TC phase, and
octadecanol has a surface potential of 35 + 99 mV. One can
argue that octadecanoic acid has a higher surface potential than
octadecanol in this coexistence region due to a larger number
on molecules existing in the TC phase thus less dipole moment
screening of hydrating water molecules leading to an increase
in dipole moment contribution from the carbonyl headgroup.
Also, the octadecanoic acid tail may orient differently in the
TC region relative to the alcohol due to its larger headgroup
leading to less shielding and thus more exposure of the
headgroup dipole moment.

Cooling-induced changes in the G-TC coexistence phase
could play an important role in ice nucleation due to water
molecule reorientation within the headgroup region to form
ice-like structures.”*" It is interesting to note that the greatest
magnitude of surface potential change between room temper-
ature and near freezing occurs for octadecanol in the G-TC
phase. At 1.0 °C, the octadecanoic acid surface potential is 296

+ 17 mV, and the octadecanol surface potential is 295 + 164
mV. Thus, the difference between the 1 and 21 °C surface
potential values in the G-TC phase for octadecanoic acid is
140 + 98 mV, whereas the difference for octadecanol is 260 +
192 mV. Our results suggest that octadecanol undergoes the
greatest extent of headgroup hydration reorganization in the
G-TC coexistence phase near freezing.

As the monolayer is compressed, the surface potential
increases for both compounds until a maximum value is
reached in the fully condensed UC phase. Thus, the rising
surface potential shows increasing interfacial molecular density,
enhanced ordering, and headgroup dehydration within the
monolayer. The maximum surface potential values for
octadecanol and octadecanoic acid on water at 21.0 °C are
429 + 112 and 318 + 103 mV, respectively, which agree with
reported literature values of ~400—338 mV for octadeca-

0l#¥*04761 3nd 280-380 mV for octadecanoic
acid.*o#93*61677%% The maximum surface potential response
for octadecanol was 111 # 152 mV greater than the maximum
value measured for octadecanoic acid, possibly due to
octadecanol’s strong C—OH dipole moment alignment at the
interface and to the reorganization and structuring of water
molecules adjacent to the headgroup. The orientation of the
fatty tails affects the orientation of the headgroup and thus the
water molecules at the interface."

Temperature-dependent differences in surface potential are
less significant in the UC phase as compared to phases with
lower surface coverage, like the G-TC coexistence phase. An
octadecanoic acid monolayer at 1 °C in the UC phase has a
surface potential of 354 + 7 mV, and an octadecanol
monolayer has a surface potential of 504 + 36 mV. The
difference between the surface potential at 1 and 21 °C is 36 +
103 mV for octadecanoic acid and 75 + 109 mV for
octadecanol. These fatty compounds have minimal room for
rearrangement at high surface coverage due to both van der
Waals interactions and dipole repulsion.®®

3.2. Vibrational Spectroscopic Signatures of the
Headgroups and Hydration Shells. To elucidate changes
in hydration structure as a function of temperature, IRRAS
spectroscopy was used to collect surface-sensitive infrared
spectra of octadecanol-d;; and octadecanoic-dyg acid mono-
layers at the air—aqueous interface. Deuterated fatty
compounds were selected to avoid spectral overlap of the
carboxylic acid vibrational modes with the CH, scissoring
modes. IRRAS spectra are plotted as reflectance—absorbance
(RA),

R
RA = —log —£
Ry (1)

in which Ry corresponds to the reflectance of the film and R,
corresponds to the reflectance of the bare water surface.
Hence, only a reflected signal corresponding to the monolayer
and its hydration shell is detected. Both positive and negative
peaks are observable in our IRRAS spectra; the reflectance—
absorbance values are negative when the film reflectance is
greater than the water reflectance (Ry/R, > 1), and the
reflectance—absorbance values are positive when the reflected
signal from water is greater than that of the film (Ry/RO < 1).
In our spectra, the negative peaks correspond to monolayer
vibrational modes, and the positive peaks correspond to the
hydration shell modes. This observation is consistent with
other published IRRAS spectra collected at IR beam angles of
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Figure 2. IRRAS spectra of the (OH) and v(OD). (a) octadecanol-dy, alcohol illustrates the main (OH) bands one at 3600 cm™, typically
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incidence less than the Brewster angle of water (~53.1°
relative to surface normal).”’™*

Octadecanol-dy; and octadecanoic-d;s acid IRRAS spectra
were collected at a surface pressure (II) of 40 mN/m, which
corresponds to the UC phase of the monolayers. To directly
compare peak intensities between the spectra of the two
compounds, an additional scaling factor is required to account
for differences in film surface density at constant surface
pressure. The scaling factor is calculated by dividing the MMA
of the octadecanoic-dsg acid monolayer by the MMA of the
octadecanol-dy; monolayer at 40 mN/m, and this ratio is then
multiplied into the octadecanoic-dys acid spectral peak
intensities. As a result, the spectra of both fatty compounds
have equivalent surface coverage for direct comparison of peak
intensities. The scaling factors are plotted in Figure S2, and all
octadecanoic-d;5 acid spectra have been scaled.

The influence of the polar headgroup on the hydration shell
as a function of temperature is not fully understood, especially
at high number densities and at monolayer surfaces. For dilute
solutions of water-soluble alcohols, the influence of the alcohol
headgroup on the OH stretching region is negligible.” The
alcohol OH stretch becomes significant at higher concen-
trations upon alcohol aggregation (greater than ~2.7 M for
tert-butyl alcohol and n-propanol), meaning that the alcohol
OH stretch is difficult, if not impossible, to separate from that
of the water OH stretching modes. As a result, Deng et al.
instead conducted their analysis on the HOH bending mode to
isolate the contribution from water alone, but the water
molecules solvating the headgroup versus surrounding the alkyl
chain of the soluble alcohol could not be distinguished."’

IRRAS offers a unique advantage in that it only probes the
monolayer and the hydration shell immediately perturbed by
the presence of the fatty compounds at the interface; any signal
from water molecules that matches the bare water surface
reflectance will be subtracted from the reflectance—absorbance
spectrum. Additionally, octadecanoic acid and octadecanol are
highly insoluble, so their alkyl tails are directed toward and
mostly exist in the air phase while only their polar headgroups
are completely solvated within the water surface and
subsurface region. Thus, we used IRRAS to spectrally probe

the OH stretching (v(OH), ~3000—3800 cm™') modes of the
headgroups and their hydration shells as well as the HOH
bending (§(HOH), ~1500—1800 cm™) modes of the
hydrating water molecules. We also probed the 2(OD)
modes of dilute HOD to remove resonant vibrational
excitation transfer, a Forster transfer mechanism mediated by
transition dipole moment coupling; the #(OD) modes thus act
as uncoupled local modes for more reliable reporting of water
structure.””*%%2787 All spectra were collected at 21.0 & 0.5 and
1.0 + 1.0 °C. Shifts in the OH and OD stretching region
spectra as a function of temperature were quantified by
Gaussian peak fitting (Figures S3, S4, S7, S8).

3.2.1. Fatty Alcohol Headgroup Hydration as a Function
of Temperature. The OH (100% H,0) and OD (10% HOD)
stretching region spectra of octadecanol-d;; at 21.0 and 1.0 °C
are plotted in parts a and b of Figure 2, respectively. For better
visualization of the peak intensity changes, the Gaussian
spectral deconvolutions at each temperature are plotted in
Figures S3 and S4. Numerical values of the Gaussian peak
fitted parameters are reported in Tables S2—SS. The v(OH)
and v(OD) spectra have significantly different shapes. The
v(OH) region of the 100% H,O subphase exhibits a two-peak
structure (Figure 2a) and exhibits dramatically different
spectral shifts with temperature; higher frequency regions of
the v(OH) spectra increase in peak intensity at low
temperature, and the low frequency regions decrease in peak
intensity. Thus, the intra- and intermolecular vibrational
coupling mechanisms are likely highly sensitive to changes in
temperature, resulting in the relative intensity shifts of the two
main peaks in the OH stretching spectra. More specifically,
changes in temperature alter the transition dipole moment
strengths and hydrogen-bonding configurations of the
interfacial water molecules, thereby shifting the distribution
of resonant vibrational frequencies. Others have shown that an
increase in temperature induces a frequency mismatch between
the stretch fundamental and the bending overtone of bulk
water, leading to a decrease in the Fermi resonance
intramolecular coupling at ~3250 cm™.**7"* Intramolecular
coupling dominates the vibrational relaxation pathways in
interfacial water.**”>™"° Thus, intramolecular coupling is
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possibly driving the temperature-dependent spectral shifts
observed in Figure 2a, but the exact mechanisms responsible
for these spectral shifts are currently unknown. Vibrational
coupling to octadecanol-d;; vibrational modes is also
possible.””””  Additionally, it is nontrivial to distinguish
between peak intensity contributions caused by changes in
hydration shell number density and structure versus changes in
transition dipole moment strength as a function of temper-
ature, further complicating the spectral interpretation.
Consequently, calculations were performed that intrinsically
include intra- and intermolecular coupling to study the
contribution of transition dipole moments changes due to
temperature for a single hydrogen-bonding configuration
(Section 3.2.2).

In Figure 2b, the ¥(OD) region of the 10% HOD spectrum
contains a single peak. This decoupled spectral signature
provides important insight into the hydrogen-bonding
character of the hydration shell of the fatty acid and the
fatty alcohol. As the temperature decreases to 1.0 °C, the
v(OD) spectrum red-shifts ~10 cm ™', indicating the formation
of stronger hydrogen bonds with cooling, consistent with ice
templating behavior for both the fatty acid and the fatty
alcohol.

3.2.2. Ab Initio Molecular Dynamics (AIMD) Calculations
and the Fundamental Vibrational Structure of IR Features.
In order to gain insights into the temperature-dependent
vibrational structure of the OH stretches of the headgroup and
water molecules in the first solvation shell, AIMD calculations
are performed on two model systems: propanol + 6H,0 and
propionic acid + 10H,0O. These systems are chosen to have a
short, three-carbon chain to be sufficiently long that the water
remains localized to the headgroup while keeping the system
small for computational efficiency. One benefit of using cluster
models is the ease with which internal coordinates (i.e., bond
stretches, angle bends, and dihedral bends) can be defined for
spectral decomposition. This allows for a detailed analysis of
the hydrogen-bonding structure of the water molecules
surrounding the headgroups as well as which molecular
motions correspond with IR spectral features in the OH

stretching region. While molecular dynamics studies have been
performed on the changes in hydration structure around
headgroups at monolayer interfaces, a study on the changes in
vibrational structure and transition moments with temperature
has not been conducted. In order to unravel the differences
between changes in hydration structure and changes in
transition moment, we turned to AIMD studies of model
cluster systems.

Propanol + 6H,0 Cluster. The OH stretching region of the
IR spectrum in the propanol + 6H,O cluster is computed from
AIMD calculations. The alcohol OH forms a donor hydrogen
bond to water, which forms a four-membered ring (three H,0
and alcohol) that donates a hydrogen bond back to the
alcohol. Using the spectral decomposition scheme described in
Section 2.4 and the Supporting Information, we determine that
three groupings of OH stretching motions, which we call
regions 1—3, are highly correlated, as indicated in Figure 3.
Region 1 is made up of three OH stretches: the alcohol OH
stretch and two water OH stretches that form a chain coming
from the alcohol OH stretch. Region 2 is made up of four
water OH stretches in a ring with one stretch donating a
hydrogen bond back to the OH of the alcohol. Finally, region 3
is a single water OH stretch by a water that donates a hydrogen
bond to the alcohol OH. The spectral decomposition scheme
determines that the IR spectrum can be broken up into four
natural sections based on changes in the weights of these
regions, shown with dotted lines in Figure 3 and described in
detail in Figure SS. The OH stretches in region 1 contribute
the most IR intensity to the spectrum between 3200 and 3674
cm™!. However, the weight of region 2 is not negligible
between 3200 and 3674 cm™' and contributes 40% of the IR
intensity (vs 49% from region 1) between 3496 and 3674
cm™". Between 3674 and 3757 cm™!, the largest weight comes
from region 3, the OH stretch donating a hydrogen bond to
the alcohol OH, though regions 1 and 2 still contribute 18 and
19%, respectively. These spectral decomposition results
highlight a key finding that localized groupings of highly
correlated stretching motions underlie regions of large IR
intensity in the OH stretching region.
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The effects of temperature on transition moment are
computed as described in Section 2.4. This allows for an
isolated study of the effects of temperature on changes in
intensity, allowing for comparison to effects on intensity from
changes in hydrogen-bonding structure at the monolayer
interface, as described in Qiu et al.> We find that between 3460
and 3730 cm ™}, the intensities, on average, increase when the
temperature lowers to —3 °C. At 3770 cm™’, a feature
corresponding to significant weight from region 3 appears that
does not have significant change in intensity with respect to
temperature. The OH stretching motions not highlighted do
not have significant transition moments that contribute to the
spectrum. In order to make a quantitative comparison between
experimental and theoretical spectra, a Gaussian regression
analysis was performed on the 27 °C and —3 °C spectra

(Supporting Information). It is found that the decrease in
temperature by 30 °C shifts the Gaussian peak to the red by 17
cm™} in agreement with the red shift seen in both the
experimental H,O and HOD stretching spectra. The decrease
in temperature also increases spectral intensities, as seen in the
higher frequency peak of the experimental H,O stretching
spectra corresponding to the first solvation shell. The
experimental HOD stretching spectra show a decrease in
intensity at lower temperatures. The computed spectra from
AIMD inherently include intra- and intermolecular coupling
that contributes to the unique spectral signatures of the
octadecanol-H,O interface and their temperature depend-
ence. The red shift and intensity increase of the spectra from
the propanol + 6H,O cluster underline the role of intra- and
intermolecular coupling in the higher frequency peak in the
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OH stretching region of the H,O—octadecanol interface, in
contrast to the signatures of the HOD—octadecanol stretching
region.

3.2.3. Fatty Acid Headgroup Hydration as a Function of
Temperature. Changes in the OH (Figure 4a) and OD
(Figure 4b) stretching regions of octadecanoic-dss acid
monolayers as a function of temperature resemble the trends
observed for octadecanol-d;; monolayers in Figure 2a and 2b.
Gaussian spectral deconvolutions at each temperature are
plotted in Figures S7 and S8, and the numerical values of the
fitted peak parameters are reported in Tables S2—S5. Like
octadecanol-dy;, lowering the temperature from 21.0 to 1.0 °C
also results in an ~10 cm™" red shift in the 2(OD) spectrum of
the octadecanoic-d;s acid monolayer. The peak center
frequencies are nearly identical for both monolayers held at
the same temperature, suggesting that the hydrating water
structure is quite similar between the two lipids. For the
v(OH) spectra, an increase in the high frequency region peak
intensities near freezing matches the octadecanol-d;; spectral
trends, although the peak intensity changes are not as large in
magnitude for the octadecanoic-d;; acid monolayer. Suggesting
that the intra- and intermolecular coupling mechanisms for
interfacial water hydrating octadecanoic-d;s acid are weaker
than the coupling mechanisms for water hydrating octadeca-
nol-dy,. Consistent with the surface potential data (Figure 1),
temperature has a smaller effect on octadecanoic acid
monolayer organization and hydration structure.

Propionic Acid + 10H,0 Cluster. In comparing the OH
stretching regions of the propanol + 6H,0O system and the
propionic acid + 10H,O system, the additional complexity of
the carboxylic acid headgroup results in a more complex
vibrational structure, shown in Figure 5. As found in the
propanol + 6H,0 cluster, we determine that three groupings of
OH stretching motions in the propionic acid + 10H,O cluster,
which we call regions 1—3, are highly correlated, as indicated
in Figure S. Region 1 is made up of five OH stretches from
four water molecules forming a ring with two hydrogen bonds
to the carboxylic acid =O. Region 2 is made up of six water
OH stretches in a four-water ring with two stretches donating a
hydrogen bond to the OH of the carboxylic acid. Finally,
region 3 consists of the OH stretch of the carboxylic acid and a
water OH stretch that donates a hydrogen bond to a water
molecule in region 1. The spectral decomposition scheme
determines that the IR spectrum can be broken up into four
natural sections based on changes in the weights of these
regions, shown with dotted lines in Figure S and described in
detail in the Supporting Information. The OH stretches in
region 1 contribute the most IR intensity to the spectrum in
the OH stretching region shown. However, the weight of
region 2 is significant (23—28%) between 3240 and 371S
cm ™. Region 3 contributes significant intensity between 3240
and 3401 cm™, but it quickly decreases in weight for higher
frequencies and is not a major contributor (only 5%) to
regions of large intensity between 3558 and 3715 cm™".

The effects of temperature on IR intensities are computed
for the propionic acid + 10H,0O system. We find that in the
OH stretching region, the IR intensities, on average, increase
when the temperature lowers to —3 °C. As described for the
propanol + 6H,O cluster, a Gaussian regression analysis was
performed on the +27 and —3 °C spectra, included in the
Supporting Information. It is found that the decrease in
temperature by 30 °C shifts the Gaussian peak to the red by 25
cm™!, which agrees with the spectral shift found in the H,0—

octadecanoic acid and HOD—octadecanoic acid spectra. The
decrease in temperature also increases spectral intensities, with
the Gaussian peak increasing by 24%, modeling the behavior of
the higher frequency peak in the H,O—octadecanoic acid OH
stretch region, which corresponds to the behavior of the first
solvation shell. These findings, alongside the findings from the
propanol + 6H,O cluster spectra, strengthen our under-
standing of the role of intra- and intermolecular effects on the
OH stretching region, which is further clarified via
comparisons to the experimental HOD—octadecanoic acid
stretching region spectra.

The vibrational structure of the model propanol + 6H,0 and
propionic acid + 10H,O systems provides insight into the
effects of temperature on the transition moments. Because
changes in IR intensity with temperature can be due to changes
in hydrogen-bonding structure as well as changes in transition
moment, studying such model systems provides this additional
layer of complexity that has not been studied in previous
dynamics studies of the changes in hydration at the monolayer
surface in ice nucleation processes.3’98_100 Furthermore, the
decomposition of IR features from AIMD calculations provides
deep insights into the correlation between individual OH
stretches into natural groupings, and their contributions to IR
features. In both model systems studied, the vibrations within
different structural motifs contribute to markedly different IR
features. As experimental tools continue to be developed for
detection of markers for ice nucleation, predictions of spectral
features and the molecular motions that contribute to them
will be key to generating a fundamental picture of the chemical
physics at play.

3.2.4. Water Bending Mode IRRAS Spectra as a Function
of Temperature. The water bending mode in the IRRAS
spectra provides a useful spectroscopic handle for selectively
probing the headgroup hydration shell structure as a function
of temperature.'*'* Although the water bending mode is not
as sensitive to the local molecular environment as the OH
stretching region due to the smaller transition dipole moment,
the water bending region is sufficiently isolated from the
headgroup vibrational modes. Additionally, the HOH bending
mode is devoid of intramolecular coupling, and intermolecular
coupling of the bend vibration is considerably weaker than the
stretch vibration, making the bending mode a reliable reporter
of the hydration shell structure.'””~'°° Figure 6 shows this
spectroscopic region for the octadecanol-dy, (Figure 6a) and
octadecanoic-d;; acid (Figure 6b) monolayers at room
temperature and near freezing. At 21.0 °C, the water bending
region is a positive band centered around ~1665 cm™'. The
band red-shifts ~18 cm™ for the octadecanol-d;, monolayer
and ~21 cm™' for the octadecanoic-dy5 acid monolayer upon
cooling to 1.0 °C. Red shifts in the water bending mode region
indicate weakened intermolecular interactions within the
hydration shell.'”'%>'%” Additionally, the peak width increases
with decreasing temperature for both compounds in the low
frequency end of the spectrum, suggesting that the hydration
shell is sampling a more heterogeneous hydrogen-bonding
environment.

The small, albeit significant, temperature-dependent shift in
the octadecanoic-d;; acid carbonyl stretching mode also
provides evidence for the hydration structure (Figure 6).
Cooling from 21.0 to 1.0 °C red-shifts the carbonyl mode by
4.5 cm™ (Table S6), indicating that the intermolecular
interactions between the headgroup and its surrounding
environment increase near freezing. Consequently, this red
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Figure 6. IRRAS spectra of the 5(OH) region of (a) Octadecanol-ds;
(top), as well as (b) octadeconaoic-dys acid (bottom) where we can
also observe the v(C=O0) and v(C—OH) regions. Changes in
intensity as well as frequency are observed. The changes in frequency
can be found in Table S6. Both parts a and b were recorded at 21 + 1
(red) and 1 + 1 °C (blue).

shift provides further spectral evidence that the hydrogen-
bonding interactions between the headgroup and its hydration
shell increase with decreasing temperature.

3.2.5. Evaluating the Spectral Impacts of Hydration
Structure and Transition Dipole Moment Strength. The
experimental OH stretching region IRRAS spectra of
octadecanol-dy; and octadecanoic-dsg acid comprise a temper-
ature-dependent convolution of hydration structure, differing
transition dipole moment strengths, and intra- and intermo-
lecular coupling. The AIMD calculations provide detailed
molecular-level insights on the first hydration shell structure,
and the calculations isolate the impacts of temperature on the
transition dipole moment strengths. Both the experimental and
computational spectra increase in intensity in the high
frequency stretching regions at lower temperature, indicating
that increasing transition dipole moments significantly enhance
the 1.0 °C IRRAS spectral intensities for both fatty
compounds. The higher frequency stretching regions are
dominated by contributions from the first solvation shell
around the fatty compound, allowing for comparisons between
experiment and theory in these regions.

4. CONCLUSIONS

Through experiment and theory, we examine the temperature-
dependent impacts of hydration structure and transition dipole
moment strengths on the OH stretching region infrared
reflection—absorption spectra of fatty alcohol and acid
monolayers at the air—water interface. We also probe the

decoupled OD of dilute HOD to isolate the effects vibrational
excitation transfer observed in the pure H,O data. We observe
that temperature has a large impact on the intra- and
intermolecular vibrational coupling between the octadecanol
and octadecanoic acid headgroups and their hydration shells.
We also find that changes in temperature affect the transition
dipole moment strength, thus shifting the resonant vibrational
frequency distributions. According to our surface pressure and
surface potential—area isotherms, lowering the temperature
promotes tighter packing. Monolayer compression to small
surface area per molecule dehydrates the polar headgroups
relative to the expanded monolayer at large areas per molecule,
yielding a reduction in dipole moment screening between the
headgroups. The infrared reflection—absorption v(OH)
spectra of these two compounds show two main OH stretching
bands at 3600 and 3250 cm™', whereas the v(OD) region
contains a single peak at 2580 cm™'. At low temperature the
v(OD) spectrum red-shifts, indicating the formation of
stronger hydrogen bonds with cooling. Contrary, the v(OH)
reveals dramatically different spectral shifts. The higher
frequency regions of the v(OH) spectra increase in peak
intensity at low temperature, whereas the low frequency
regions decrease in peak intensity. We argue that intra- and
intermolecular coupling dominates the vibrational relaxation
pathways in interfacial water, thereby intramolecular coupling
is more likely driving the temperature-dependent v(OH)
spectra shifts. Overall, the infrared reflection spectra suggest
that temperature has a large impact on the intra- and
intermolecular interactions between the headgroups and their
hydration shells, and the octadecanol hydration shell. In the
10% HOD spectra, the (OD) mode is decoupled from the
v(OH) mode and reveal the behavior of the hydrogen-bonding
network. We observed a significant red shift correlating ice
templating behavior for both the fatty acid and the fatty
alcohol. Moreover, our surface potential data corroborate prior
observations of enhanced ice nucleating activity by long chain
alcohols at the air—water interface.

Ab initio molecular dynamics (AIMD) simulations of
propanol + 6H,0 and propionic acid + 10H,O further reveal
the effects of intra- and intermolecular coupling on the
temperature-dependent transition dipole moment strengths in
the OH stretching region spectra. For both the alcohol and the
carboxylic acid, the overall calculated infrared spectral
intensities increase with decreasing temperature due to
enhanced transition dipole moment strengths. Thus, the
increasing transition dipole moment strengths likely have a
significant contribution to the increase in infrared reflection—
absorption spectral peak intensities near freezing in the higher
frequency stretching regions that represent the first solvation
shell around the fatty compound. The cluster studies reveal the
effects of the intra- and intermolecular coupling on the OH
stretching region around the fatty compounds and simulta-
neously untangle the effects of cooling on the transition dipole
moment strengths.
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