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ABSTRACT: To gain global understanding of the complex
interactions marine organics participate in at the surface of sea
spray aerosols (SSAs), thermodynamic parameters are needed as
inputs for atmospheric models. Traditional surface studies use
Langmuir films that exist in pseudoequilibrium and require
assumptions to obtain thermodynamic properties. To address
these challenges, we have developed a new application for
equilibrium spreading pressure (ESP), an experimental value
based on the true thermodynamic equilibrium between a film
and its solid form at the aqueous interface. By changing the
equilibrium phase state of a marine relevant palmitic acid/palmitate
(PA) monolayer as a function of temperature (7.0−20.2 °C) and
sodium chloride concentration (1−1000 mM), we can exper-
imentally capture the thermodynamic values of three-dimensional (3D) solid to two-dimensional (2D) monolayer spreading. Cooler
temperatures present more unfavorable and disordered conditions for spreading PA into a 2D film. However, the addition of NaCl to
the solution does not follow a monotonical trend in thermodynamic values, exhibited by an anomalous 100 mM NaCl condition,
which is ∼20 and ∼35% more enthalpically favorable than 10 and 1000 mM NaCl, respectively. Our results represent some of the
first thermodynamic data for spreading PA from 3D solid to 2D film given atmospheric conditions and the first study to utilize ESP
to determine the thermodynamic properties of PA−Na+ interactions. Our true equilibrium-based approach helps to inform on the
3D to 2D phase-state transition of organic coatings, presenting an essential input for climate models and global understanding of
SSA interfaces.
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■ INTRODUCTION

Sea spray aerosols (SSAs) present highly dynamic micro-
environments in which their interfacial properties are strongly
driven by chemical and physical interactions such as
carboxylate−metal binding,1,2 acid−base equilibrium,3−5 and
ion hydration.6−8 Each of these parameters unlocks important
thermodynamic inputs for global climate models, which
provide better insights into atmospheric phenomena like ice
nucleation and cold cloud formation. The key to unraveling
these thermodynamically driven interactions is equilibrium-
based measurements and calculations.9,10 Herein, we use
equilibrium spreading pressure (ESP) measurements to
calculate the thermodynamic equilibrium between the three-
dimensional (3D) solid phase and a two-dimensional (2D)
film of a fatty acid monolayer to inform on the interfacial
chemistry of SSA organic coatings.11

Conventional Langmuir techniques such as surface pressure-
area (Π-A) isotherms measure monolayers in a pseudoequili-

brium in which barrier compression forces the monolayer into
a specific phase state.12 Conversely, ESP measurements
maintain the monolayer at a true equilibrium that remains
constant over time. The temperature13 and composition of the
aqueous solution (i.e., the addition of metal ions such as Ca2+,
Na+)14 have been found to drive the ESP value, consistent with
shifting equilibriums due to interactions. As SSA age, they are
exposed to cooling temperature and fluctuations in relative
humidity, changing the concentration of ions present in their
aqueous core. ESP measurements have been taken of various
surfactants including fatty acids,15 fatty alcohols,16 phospho-
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lipids,17 and proteins.18 In the past, ESP has been notably used
to describe the thermochemical properties of surfactants at
ranging temperatures, particularly near their melting
points.15−17,19 More recently, the influence of ESP on ice
nucleation has been established.20−22 However, a combination
of atmospheric conditions such as temperature and sodium
concentration has yet to be considered together when
calculating ESP-derived thermodynamics.
While ESP studies have demonstrated historic significance in

defining the thermodynamic properties of spreading organics
from 3D solid to 2D films, ESP has yet to be extended to
calculating the thermodynamic equilibrium of carboxylate−
metal interactions for SSA systems. Our work marks the
revived importance of ESP studies for understanding organic
coating phase state under atmospheric conditions and
determines the thermodynamic preference for Na+ to interact
with a palmitic acid/palmitate (PA) monolayer, as shown in
Figure 1. Carboxylate−metal interactions under oceanic and

atmospheric conditions have been well documented in the
literature using various spectroscopic techniques.1−3,23 Ex-
posure to high concentrations of NaCl drives the interfacial
equilibrium for certain semisoluble acids, demonstrating a need
to expand upon Na+ studies, such as their thermodynamically
driven interactions, at SSA interfaces.3 However, the
thermodynamic properties of these carboxylate−metal inter-
actions persist as nontrivial measurements. Using our ESP
approach for determining the true equilibrium state of the
PA−Na+ interaction, we can calculate the thermodynamic
properties of a carboxylate−metal system.
Our results show the quantitative thermodynamic analysis of

PA−Na+ interactions at the air−water interface, based on
relevantly low temperatures to further our molecular under-
standing of organic coatings on SSAs under atmospheric
conditions.15,16 Overall, warmer temperatures consistently
present more favorable and ordered conditions for spreading
PA from the 3D to 2D phase state. Upon the addition of 100
mM NaCl, we observe an anomalous condition that pushes the
equilibrium of spreading in favor of the 2D PA monolayer

phase, being ∼20 and ∼35% more enthalpically favorable than
10 and 1000 mM NaCl solutions, respectively. Results from
our study provide insights into the physicochemical processes
for modeling SSA systems, providing new and essential
considerations of ionic interactions with organic coatings.

■ METHODS
Chemicals and Sample Preparation. Palmitic acid

(C16H32O2, ≥99%, Sigma-Aldrich) was purchased in high
purity and used without further purification. Palmitic acid was
either ground into a finer powder using a mortar and pestle to
ensure uniform particle size for equilibrium spreading pressure
studies or dissolved in chloroform (HPLC Grade, Fisher
Scientific) at a concentration of 1.86 mM for surface pressure-
area (Π-A) isotherms. Sodium chloride (trace metal grade,
99.999%, ACROS and Sigma-Aldrich) was baked at 650 °C for
>6 h prior to use. Sodium chloride solutions with
concentrations from 1, 10, 100, and 1000 mM were prepared
with ultrapure water with a resistivity of 18.2 MΩ·cm (Milli-Q
Advantage A10) and allowed time to acidify by atmospheric
CO2 to pH 5.6 ± 0.7.
Measurements were also taken with ethylenediaminetetra-

acetic acid (EDTA) (99.995%, Sigma-Aldrich) to ensure that
the trace metal grade sodium chloride was sufficiently void of
heavy metal contaminates, as shown in Figure S1. A
representative low concentration of sodium chloride with 1
mM NaCl and 1 μM EDTA was prepared. The solution was
then pH adjusted using NaOH to account for the lowering in
pH due to the acidity of the EDTA species. The inclusion of
EDTA will bind to any other metals that could be in the NaCl
solution. As the 1 mM NaCl measurement at 20.2 °C remains
constant with and without EDTA, our trace metal solutions
were free of other metal contaminants that could influence our
measurements. No unexpected or unusually high safety hazards
were encountered in chemical preparation.

Equilibrium Spreading Pressure. A Teflon Langmuir
trough (KSV Medium, KN 2002) was thoroughly cleaned with
reagent alcohol, and temperature controlled by a water
circulator attached to a temperature control system (Julabo
Easy Temp F12-ed). The trough has a network of hollow
internal metal coils that circulate a water−ethylene glycol
mixture. The water−ethylene glycol mixture was circulated
throughout the coil system to maintain the temperature of the
solutions. The solution temperature was adjusted to temper-
atures of 7.0 ± 1.0, 12.9 ± 1.0, 16.3 ± 1.0, and 20.2 ± 1.0 °C
and was monitored constantly using a clean temperature probe
inserted into the aqueous solution. The solution temperature
was recorded throughout the experiment and did not fluctuate
more than 1 °C. Furthermore, the trough was encased inside a
plexiglass box to prevent dust and other particles from
contaminating the surface or disrupting the surface pressure
measurements. Approximately 100 mg of ground palmitic acid,
measured and recorded on an analytical balance for each trial,
was sprinkled over the solution of interest using weigh paper.
Equilibrium spreading pressure (ESP) was measured by the
Wilhelmy plate method using filter paper plates (Ashless, grade
41, Whatman). The time it took to reach the ESP varied
between trials, so the data shown are scaled so the surface
pressure liftoff is consistent among trials. All data was
processed using Origin software (OriginLab, Northampton,
MA) using the average and EXPGROW2 fitting.

Surface Pressure-Area (Π-A) Isotherms. Surface pres-
sure (Π) was measured in triplicate using a custom Teflon

Figure 1. Schematic representation of equilibrium spreading pressure
where (a) the thermodynamic equilibrium of spreading is between the
3D solid phase and the 2D monolayer phase and (b) the proposed
mechanism of thermodynamic equilibrium of metal interactions
between the 2D monolayer of PA and Na+.
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Langmuir trough (KSV NIMA, area 144.5 cm2) by the
Wilhelmy plate method (platinum, 39.240 mm perimeter).
The trough was thoroughly cleaned with reagent alcohol, and

the plate was cleaned by Milli-Q water and reagent alcohol and
then flamed dry prior to use. A water circulator (ISOTEMP
4100C, Fisher Scientific, Inc.) was used to control the

Figure 2. Equilibrium spreading pressure (πe) (a) schematic of proposed equilibria for PA 3D to 2D phase-state transition and (b) measurements
of PA on water (black), (c) 1 mM NaCl (red), (d) 10 mM NaCl (blue), (e) 100 mM NaCl (teal), and (f) 1000 mM NaCl (pink) solutions at
varying temperatures. As the temperature of a given chemical system increases, the ESP value increases linearly. Increasing the temperature pushes
the equilibrium in favor of the 2D PA monolayer phase.
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temperature of the solution in the trough at constant
temperatures of 7.0 ± 0.3, 12.9 ± 0.3, 16.3 ± 0.3, and 20.2
± 0.3 °C and was monitored constantly using a clean
temperature probe inserted into the aqueous solution. The
setup was housed in a plexiglass box to prevent exposure to
dust and other particulate matter. The Langmuir trough was
filled with a solution of interest, palmitic acid solution was
spread dropwise onto the aqueous surface using a microsyringe
(50 μL, Hamilton), and then measurements began after a 10
min delay for solvent evaporation. The Π was monitored over
time as Delrin barriers (KSV NIMA) were compressed
symmetrically at a rate 5 mm/min/barrier. The plots are
shown as the mean of at least three trials, and error bars are
shown as shaded regions on the plot and represent one
standard deviation above and below the mean. All data was
processed using Origin software (OriginLab, Northampton,
MA) using the average.

■ RESULTS AND DISCUSSION
Temperature and Sodium Drive Phase-State Equili-

brium for Palmitic Acid Monolayers. We explore the
critical role that both temperature, ranging from 7.0 to 20.2 °C,
and sodium concentration, ranging from 1 to 1000 mM NaCl,
play in driving the equilibrium spreading pressure (ESP) of
palmitic acid/palmitate (PA) monolayers. Figure 2 shows our
ESP results as a function of temperature and sodium
concentration.
The ESP schematic in Figure 2a illustrates the equilibrium

between the 3D solid of PA to the 2D monolayer. Equilibrium
is achieved at a metastable state, which corresponds to the
maximum surface pressure. Any loss of the 2D PA monolayer
into the solution would shift the equilibrium from the 3D solid
phase to the 2D monolayer to counteract monolayer depletion
into the bulk. If the rate of loss from the 2D monolayer phase
is larger than the rate needed to re-establish the 3D−2D
equilibrium, then the surface pressure cannot be maintained
and a decrease in surface pressure will be observed.14 We do
not observe a decrease in surface pressure over time, suggesting
that the equilibrium is achieved and maintained in the
metastable state. Our results in Figure 2 reveal consistent
maintenance of the 3D−2D equilibrium for all temperature
ranges and NaCl concentrations.
It is evident that temperature affects the ESP values, as

shown in Figure 2b, which corresponds to the measurements
of PA on pure water. As the temperature is decreased, the ESP
value decreases, as well, going from ∼ 8 to ∼2.5 mN/m. At
lower temperatures, we also observe a prolonged equilibration
time for the 3D solid of PA to spread into a 2D monolayer,
suggesting that this process is thermodynamically unfavored at
cooler temperatures. Figure 2c−f shows the influence of NaCl
on the ESP at isothermal conditions. We observe that the
addition of NaCl increases the ESP value at each temperature
compared to pure water. These results suggest that NaCl
induces a preference toward the 2D PA monolayer phase state.
Literature has shown similar trends in temperature depend-

ence, where ESP increases with warmer temperatures.24 More
Na+ available to bind, electrostatically interact with, or
intercalate between the carboxylate headgroups of the PA
monolayer creates a more stabilized interface, which increases
the ESP. Previous literature supports these findings.20,25−27

Figure 3 summarizes the trends in ESP, where warmest
temperatures and highest NaCl concentrations induce the
largest ESPs.

We use Langmuir surface pressure-area (Π-A) isotherms to
determine the mean molecular area (MMA) that corresponds
to the ESP values in Figures 3 and S2. Generally, the presence
of NaCl compresses the liftoff point in warmer conditions,
similar to previous findings.28 Every ESP value for water, 1, 10,
and 100 mM NaCl at each temperature corresponds to a
MMA within the tilted condensed (TC) phase of the PA Π-A
isotherms, as shown in Figure 4, likely due to intercalation or
Na+ interaction at the interface.3 However, the 1 M NaCl ESP
values correspond to MMAs within the untilted condensed
(UC) phase due to the lower surface pressure transition from
the TC to UC phase. In Figure 4a−c, the 1 M NaCl Π-A
isotherms lift off at the lowest MMA and remain most
compressed in their TC phase. Upon transition from the TC to
UC phase, the 1 M NaCl Π-A isotherms undergo an expansion
which is maintained to the highest surface pressures observed,
as shown prior.29 This expansion at significantly higher surface
pressures is likely a result of the long-range electrostatic
interactions of Na+ with the deprotonated headgroups in the
PA monolayer, consistent with another study.30 The higher
charge density of 1 M NaCl at the interface helps to stabilize
the UC phase for higher surface pressures before collapse.
While this trend is observed in the 20.2, 16.3, and 12.9 °C Π-A
isotherms, the 7.0 °C study, shown in Figure 4d, maintains
expansion for the entirety of the 1 M NaCl study, likely due to
the complex interplay of high Na+ in solution at low
temperatures. Across all NaCl systems, the 7.0 °C Π-A
isotherms show expansion in the TC phase compared to the
other temperatures, supporting the break in trend for the 1 M
NaCl study at 7.0 °C.
We see consistent trends in the collapse phase, as depicted

in Figures 4 and S3, across NaCl concentrations within a
measured temperature. Each temperature studied maintains
the following order of highest to lowest collapse surface
pressure: 1000, 100, 10, and 1 mM NaCl. Additionally, the
postcollapse equilibrium achieved after the collapse maintains
the same order of highest to lowest surface pressure,

Figure 3. Equilibrium spreading pressures (πe) of PA on 1000 mM
NaCl (pink), 100 mM NaCl (teal), 10 mM NaCl (blue), 1 mM NaCl
(red), and water (black) solutions at varying temperatures to
determine π

T
d
d

e , the slope of the ESP values on a NaCl solution. The

error bars represent one standard deviation of the measurements
(note the error bars fall within the size of the symbols).
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respectively, and similarly to other studies.31−33 Work by Lipp
et al. supports our findings on Na+ maintaining the UC phase
at higher surface pressures, yielding a higher surface pressure at
collapse.28 For the two warmer conditions, 20.2 and 16.3 °C,
all concentrations of NaCl experience collapse at higher surface
pressures than water. The increased ionic strength of the NaCl
solution compared to pure water leads to a relatively high
surface charge density, preventing the formation of bulk
collapse structures that would otherwise experience electro-
static repulsion with deprotonated PA molecules remaining in
the monolayer. As well, Coulombic repulsion between the
carboxylate moieties of the PA or the contact ion pair
formation between the carboxylate and Na+ could explain the
trend in collapse phase behavior.29,34

Thermodynamic Properties of Spreading Palmitic
Acid from a 3D Solid to 2D Film on Sodium Chloride
Subphases at Varying Temperatures. The thermodynamic
properties of spreading from a 3D solid to a 2D film depend on
the molecular structure of a fatty acid such as its headgroup or
chain length and its potential for lipid−lipid interactions
compared to lipid−water interactions.15 The solubility of
surfactants as well as dispersion interactions among neighbor-

ing surfactants can influence the thermodynamic properties of
spreading from a 3D solid to a 2D film. The energy required to
break from the initial 3D solid material deposited on the
surface and spread into the 2D monolayer form also
determines the equilibrium. More specifically, the role of
temperature pushes the energetics in favor of the 2D
monolayer phase state,15,17,24,28,35 but the influence of aqueous
Na+ remains understudied for calculating and interpreting the
thermodynamic properties of spreading from 3D to 2D phase-
state transition.
Experimentally obtained ESP values can be coupled with Π-

A isotherms to simplify otherwise complicated calculations for
thermodynamic properties, shown in Figure S2.15,16,24,36 Using
three equations adapted from the Clausius−Clapeyron
equation and presented by Jalal et al., we can calculate and
discern changes in enthalpy (ΔHs), entropy (ΔSs), and Gibb’s
free energy (ΔGs) for the spreading of PA from a 3D solid to
2D monolayer.24 The equations are expressed below

π
πΔ = −H NA T

T
d
ds e

e
e

l
moo
noo

i
k
jjj

y
{
zzz

|
}oo
~oo (1)

Figure 4. Surface pressure-area (Π-A) isotherms of PA on 1000 mM NaCl (pink), 100 mM NaCl (teal), 10 mM NaCl (blue), 1 mM NaCl (red),
and water (black) subphases at (a) 20.2 °C, (b) 16.3 °C, (c) 12.9 °C, and (d) 7.0 °C for determining the MMA at corresponding ESP to calculate
thermodynamic values. The shaded regions represent one standard deviation of the measurements.
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π
Δ =S NA

T
d
ds e

ei
k
jjj

y
{
zzz

(2)

Δ = Δ − ΔG H T Ss s s (3)

where Ae is the mean molecular area of the monolayer (MMA)
at the corresponding ESP surface pressure (converted to cm2/
molecule), N is Avogadro’s number, πe is the ESP value
(expressed as dyne/cm), π

T
d
d

e is the slope of the ESP values of a

chemical system at varying temperatures (derived from Figure
3), and T is the temperature (K).
Table 1 and Figure S4 include the calculated values for

changes in enthalpy (ΔHs), entropy (ΔSs), and Gibb’s free
energy (ΔGs) for the 3D to 2D spreading of PA on different
solutions at varying temperatures. As the temperature
decreases within each chemical system, the ΔHs and ΔSs
values become more positive. Colder temperatures reduce the
molecular motion of PA and require more energy to spread
from a 3D (polycrystalline) solid to a 2D monolayer state,
resulting in a more positive enthalpy. Due to the energetic
requirement to resist spreading to the 2D monolayer at cooler
conditions and maintain the more ordered 3D solid-phase
state, entropy increases at cooler conditions and favors the
transition to the more favored and disordered 2D monolayer.
In some ways, this is counterintuitive, yet one needs to
consider the full chemical system, hydrating water molecules,
the salt solute, and the monolayer molecules throughout the
transition from 3D to 2D phase state. At colder temperatures,
the equilibrium is pushed toward the 3D solid-phase state
making the thermodynamic properties of spreading to the 2D
monolayer less favorable. The melting point of PA is 62.9 °C.37

Because PA is a solid throughout our temperature studies
ranging from 7.0 to 20.2 °C, it is also reasonable that PA would
exhibit positive ΔHs and ΔSs changes. Fatty acids such as oleic
acid, however, have measured negative ΔHs and ΔSs changes,
yielding highly favorable spreading from 3D solid to the 2D
monolayer phase state, as oleic acid is a liquid until its melting
temperature of 13.4 °C.24 Additionally, we see that the ΔGs is

negative for all temperatures and solutions. This means that
each condition will result in a 2D monolayer spreading
spontaneously from the 3D solid upon deposition. Within each
chemical system, however, ΔGs becomes less negative as the
temperature cools, suggesting that the 3D to 2D PA spreading
is becoming less spontaneous. As the temperature approaches
freezing conditions, ΔGs approaches zero, meaning that the
system exists in equilibrium.
When comparing our thermodynamic values of 3D to 2D

PA spreading to literature values, we see strong agreement for
pure water conditions at similar temperatures.15,24 3D to 2D
PA spreading on pure water at 20 °C was reported as ΔHs of
20.66 kJ/mol, ΔSs of 74.89 J/(mol·K), and ΔGs of −1.25 kJ/
mol for the liquid condensed region.15 Our thermodynamic
values of 3D to 2D PA spreading are of the same magnitude.
Our results for 3D to 2D PA spreading on pure water at 20.2
°C measure a ΔHs of 17.35 ± 0.016 kJ/mol, ΔSs of 63.27 ±
0.053 J/(mol·K), and ΔGs of −1.208 ± 0.0022 kJ/mol for the
liquid condensed region. While our other temperature
conditions are cooler than most reported literature values,
we see similar agreement for the 20 °C, suggesting a valid
approach for monitoring other temperatures and subphases.
Considering other literature on similar fatty acids, differ-

ences in acyl chain length have been found to greatly influence
the thermodynamic values of 3D to 2D spreading. The
reported ΔHs for stearic acid spread on pure water at 25 and 5
°C at ESP is 69.87 and 77.40 kJ/mol, respectively.24 With the
addition of two carbons in the acyl chain compared to PA,
stearic acid exhibits significantly stronger dispersion forces,
pushing the equilibrium to the 3D solid phase and lessening
the enthalpic favorability of 3D to 2D spreading. While our
ΔGs values for PA are consistently negative, suggesting
spontaneous spreading, reports from Jalal et al. calculated the
ΔGs values for the longer chained stearic acid to be positive,
suggesting the dominance of the 3D solid.24

The trends across NaCl solutions are more complex and
anomalous. Considering the NaCl systems in Table 1, as NaCl
concentration increases, there is a general increase in ΔHs.

Table 1. Calculated Thermodynamic Values of ΔHs, ΔSs, and ΔGs for the 3D to 2D Spontaneous Spreading of PA on Water, 1,
10, 100, and 1000 mM NaCl Solutions at Variable Temperatures

system T (K) ΔHs (kJ/mol) ΔSs (J/(mol·K)) ΔGs (kJ/mol)

water 293.35 ± 1 17.35 ± 0.02 63.27 ± 0.05 −1.208 ± 0.002
289.45 ± 1 17.50 ± 0.08 63.76 ± 0.29 −0.9529 ± 0.007
286.05 ± 1 17.67 ± 0.07 64.57 ± 0.22 −0.8002 ± 0.011
280.15 ± 1 18.76 ± 0.17 68.35 ± 0.59 −0.3845 ± 0.012

1 mM 293.35 ± 1 16.56 ± 0.05 60.91 ± 0.12 −1.306 ± 0.001
289.45 ± 1 16.67 ± 0.08 61.34 ± 0.17 −1.086 ± 0.032
286.05 ± 1 17.28 ± 0.02 63.45 ± 0.15 −0.8675 ± 0.191
280.15 ± 1 17.56 ± 0.09 64.61 ± 0.25 −0.5438 ± 0.025

10 mM 293.35 ± 1 18.66 ± 0.08 68.83 ± 0.25 −1.536 ± 0.006
289.45 ± 1 18.72 ± 0.09 69.35 ± 0.30 −1.348 ± 0.022
286.05 ± 1 19.19 ± 0.07 70.81 ± 0.14 −1.069 ± 0.045
280.15 ± 1 19.74 ± 0.08 72.90 ± 0.28 −0.6867 ± 0.012

100 mM 293.35 ± 1 15.01 ± 0.06 57.96 ± 0.15 −1.989 ± 0.034
289.45 ± 1 15.19 ± 0.05 58.50 ± 0.10 −1.747 ± 0.022
286.05 ± 1 15.82 ± 0.12 61.12 ± 0.38 −1.668 ± 0.016
280.15 ± 1 16.02 ± 0.14 61.81 ± 0.43 −1.291 ± 0.018

1000 mM 293.35 ± 1 22.88 ± 0.36 89.84 ± 1.30 −3.472 ± 0.004
289.45 ± 1 22.74 ± 0.93 90.06 ± 0.31 −3.298 ± 0.020
286.05 ± 1 22.98 ± 0.07 90.19 ± 0.22 −2.819 ± 0.012
280.15 ± 1 24.26 ± 0.10 95.50 ± 0.33 −2.498 ± 0.031
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Work by Wellen Rudd et al. similarly summarizes trends in
thermodynamic properties for 3D to 2D PA spreading on
NaCl solutions, showing an increase in ESP and ΔHs due to
the induced charge Na+ presents to a closely packed PA
monolayer.14,38 However, when considering the 100 mM NaCl
system, we observe the least positive values in ΔHs, or a slight
increase in enthalpic favorability, falling out of trend with the
other NaCl systems, which are all more positive in value.
Previous work by Adams et al. details the favorable

conditions 100 mM NaCl poses in driving PA to the air−
water interface in the 2D phase state.25 For the 100 mM NaCl
solution, metal ions have been shown via infrared reflection-
absorption spectroscopy to alter the hydration of the
carboxylate headgroups.2,27,30,39 The PA headgroup can
undergo two types of Na+ coordination, either binding to
one oxygen or both oxygen atoms of the PA headgroup. Spatial
distribution functions were reported in literature explaining
these potential sodium interactions with PA.25 It has been
shown that PA interacts with one or two Na+, and these
differences in coordination could elucidate the anomalous
thermodynamic values of 3D to 2D spreading we are observing
in the 100 mM NaCl system.
From eqs 1 to 3, we calculated the thermodynamic values of

3D to 2D spreading of PA. We can extend these values to a
new thermodynamic interpretation of PA−Na+ interaction by
subtracting the pure water thermodynamic properties of
spreading from the NaCl systems. By assuming a constant
hydration environment for all pure water conditions, we
determined the direct thermodynamic values of PA−Na+
interaction.
Thermodynamic Properties of Palmitic Acid−Sodium

Ion Interactions at the Air−Water Interface. Other
studies have calculated the thermodynamic properties of 3D
to 2D spreading for PA on different salt solutions,15,16,24,34,40

but none have considered the thermodynamic properties of
carboxylate−metal interactions for proxy SSA interfaces.
However, carboxylate−metal interactions such as contact ion
pairing and solvent sharing have been well documented by
spectroscopic investigation,41,42 demonstrating a need for
further thermodynamic elucidation.6,30,34,39,43−47 Therefore,
we can exploit our ESP values to obtain the thermodynamic
properties of PA−Na+ interactions given the following

equations. The enthalpy (ΔΔHPA‑Na
+), entropy (ΔΔSPA‑Na+),

and Gibb’s free energy (ΔΔGPA‑Na
+) of PA−Na+ interactions

can be calculated using eqs 4−6.

ΔΔ = Δ − Δ−
+H H HPA Na spreading,water,NaCl spreading,water (4)

ΔΔ = Δ − Δ−
+S S SPA Na spreading,water,NaCl spreading,water (5)

ΔΔ = Δ − Δ−
+G G GPA Na spreading,water,NaCl spreading,water (6)

Our PA and NaCl model system is only one example of this,
but this approach could be applied to other atmospherically
relevant systems. Herein, we calculate the first thermodynamic
values of PA−Na+ intermolecular interactions at a range of
temperatures and NaCl concentrations, as presented in Table
2.
Similar to Table 1, the 100 mM NaCl system diverges from

a monotonical trend with the other NaCl solutions regarding
the thermodynamic properties of PA−Na+ interactions. The 1
mM NaCl and 100 mM systems are both negative in
ΔΔHPA‑Na

+, ΔΔSPA‑Na+, suggesting that these Na+ concen-
trations are most favorable for carboxylate−metal interactions.
All NaCl solutions exhibit negative ΔΔGPA‑Na

+, showing the
PA−Na+ interactions to be spontaneous. However, the 1 M
NaCl system yields the most positive ΔΔHPA‑Na

+ due to the
unfavorable electrostatic repulsion of the remaining 3D solid
phase of PA. To mitigate these unfavorable interactions in the
3D phase state, we observe the most spontaneous interactions
with the 2D monolayer of PA, as demonstrated by the most
negative ΔΔGPA−Na

+.
Atmospheric Significance. Fatty acids are enriched on

the surface of sea spray aerosols (SSAs).48−54 SSAs, which are
formed upon wave breaking processes through bubble
entrainment then bursting at the air−seawater interface,55−57
are a major contributor to the total global aerosol
mass.48,52,58,59 Additionally, the ocean concentration of sodium
chloride is ∼0.45 M.60 Given atmospheric conditions, such as
relative humidity, the sodium chloride concentration can
become dilute (Figure 5) and exhibit 100 mM NaCl
concentrations, which were found to be thermodynamically
favorable for 2D monolayer phase-state maintenance. These
marine aerosols are an important input in climate models as
they impact the earth’s radiative balance through interactions

Table 2. Calculated Thermodynamic Values of ΔΔHPA‑Na
+, ΔΔSPA‑Na+, and ΔΔGPa‑Na

+ for PA−Na+ Interactions on Water, 1,
10, 100, and 1000 mM NaCl Solutions at Variable Temperatures

system T (K) ΔΔHPA‑Na+ (kJ/mol) ΔΔSPA‑Na+ (J/(mol·K)) ΔΔGPA‑Na+ (kJ/mol)

1 mM 293.35 ± 1 −0.79 ± 0.05 −2.36 ± 0.13 −0.0984 ± 0.01
289.45 ± 1 −0.83 ± 0.11 −2.42 ± 0.33 −0.133 ± 0.03
286.05 ± 1 −0.39 ± 0.08 −1.12 ± 0.26 −0.0673 ± 0.03
280.15 ± 1 −1.21 ± 0.19 −3.74 ± 0.64 −0.159 ± 0.03

10 mM 293.35 ± 1 1.30 ± 0.08 5.56 ± 0.26 −0.329 ± 0.01
289.45 ± 1 1.22 ± 0.12 5.59 ± 0.41 −0.395 ± 0.02
286.05 ± 1 1.52 ± 0.10 6.24 ± 0.26 −0.269 ± 0.05
280.15 ± 1 0.97 ± 0.19 4.54 ± 0.65 −0.302 ± 0.02

100 mM 293.35 ± 1 −2.34 ± 0.06 −5.31 ± 0.16 −0.781 ± 0.03
289.45 ± 1 −2.32 ± 0.09 −5.26 ± 0.30 −0.794 ± 0.02
286.05 ± 1 −1.85 ± 0.14 −3.45 ± 0.44 −0.868 ± 0.02
280.15 ± 1 −2.74 ± 0.22 −6.54 ± 0.73 −0.907 ± 0.03

1000 mM 293.35 ± 1 5.53 ± 0.36 26.57 ± 1.27 −2.27 ± 0.04
289.45 ± 1 5.24 ± 0.12 26.3 ± 0.42 −2.38 ± 0.03
286.05 ± 1 5.31 ± 0.11 25.62 ± 0.22 −2.01 ± 0.02
280.15 ± 1 5.49 ± 0.20 27.15 ± 0.68 −2.11 ± 0.04
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with solar radiation and serve as cloud condensation and ice
nuclei.61,62 Previous work by Cochran et al. showed that
palmitic and stearic acid comprised two-thirds of the total ion
signal of identified saturated fatty acids of SSA particles
collected from the ocean.54 Studies that followed showed that
the PA−Na+ interactions help stabilize the air−water inter-
face.2,34

Additionally, fatty acids like PA have been abundantly
sourced from marine algae,63 undergo temporal fluctuations in
enrichment at the air−seawater interface,64 and contribute to
ice nucleating particle (INP) counts.35,65,66 According to
McCluskey et al., long chain fatty acids can be active INPs at
−30 °C.65 Additionally, ESP has been used as a tool for
thermodynamic consideration pertaining to ice nucleation.21

As temperatures decrease at higher altitudes due to changes in
pressure,67 fatty acid monolayers undergo a decrease in ESP
and increase in mean molecular area (MMA). The increase in
MMA is defined by Perkins et al. as the maximum MMA, or
max-MMAeq, that the monolayer exists for a given ESP and
temperature. Max-MMAeq for colder temperatures means a less
compact monolayer as fatty acid material partitions and
equilibrates to the 3D solid-phase state.21 This partitioning is
thermodynamically favorable for certain ice processes as the
3D solid phase can provide a site for nucleation.68,69 Recent
findings from Mael et al. calculate several ice nucleation
thermodynamics of micron-sized droplets containing bio-
logically and marine relevant atmospheric inclusions with
consideration of oceanic salt concentrations as a function of
temperature.70 Thermodynamic evaluation of the interfacial
phase state of organic coatings is important for clarifying

different atmospheric phenomena but still persists as a
fundamental question many scientists are working to
address.71−73 Phase-state equilibrium remains highly relevant
to our global understanding of aerosol interfaces, and our
approach to calculating the thermodynamic properties of
carboxylate−metal interactions on SSA surfaces helps to
unravel the complexity of interfacial and atmospheric
chemistry.

■ CONCLUSIONS

Equilibrium spreading pressure (ESP) measurements are
representative of a true state of thermodynamic equilibrium
at the aqueous surface. As temperatures become colder, the
ESP values decrease across all chemical solutions (water, 1, 10,
100, and 1000 mM NaCl). The 3D to 2D spreading for
palmitic acid is overall spontaneous at all temperatures studied
with and without NaCl added to the solutions. The enthalpic
and entropic contributions are shown to be positive, pointing
to the dominance of the −TΔS term in determining the
persistently negative Gibb’s free energy for the 3D to 2D
transition. Cooler temperatures present less negative Gibb’s
free energy values or less spontaneous thermodynamic
conditions, for 3D solid to 2D monolayer spreading of PA.
However, the addition of NaCl to the solution does not follow
a monotonical trend in enthalpy and entropy values of 3D to
2D spreading, specifically exhibited by an anomalous 100 mM
NaCl condition which is ∼20 and ∼35% more enthalpically
favorable than 10 and 1000 mM NaCl solutions, respectively.
Thermodynamic properties of carboxylate−metal interactions
were calculated for all NaCl systems, and the 1 M NaCl results
were the most negative in ΔΔGPA‑Na

+, suggesting a more
spontaneous system for interacting. To the authors’ knowl-
edge, this is the first report on using measured ESP values for
calculating the thermodynamic equilibrium of PA−Na+

interactions for proxy SSA interfaces. Future investigation is
needed to apply this approach to more dynamic systems to
determine the feasibility of such a straightforward technique
for complex calculations and models.
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