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behavior of nonanoic acid and its
conjugate base at the air/water interface through
a combined experimental and theoretical
approach†

Man Luo,a Nicholas A. Wauer, a Kyle J. Angle, a Abigail C. Dommer, a

Meishi Song,a Christopher M. Nowak,a Rommie E. Amaro *a

and Vicki H. Grassian *ab

The partitioning of medium-chain fatty acid surfactants such as nonanoic acid (NA) between the bulk phase

and the air/water interface is of interest to a number of fields including marine and atmospheric chemistry.

However, questions remain about the behavior of these molecules, the contributions of various relevant

chemical equilibria, and the impact of pH, salt and bulk surfactant concentrations. In this study, the

surface adsorption of nonanoic acid and its conjugate base is quantitatively investigated at various pH

values, surfactant concentrations and the presence of salts. Surface concentrations of protonated and

deprotonated species are dictated by surface-bulk equilibria which can be calculated from

thermodynamic considerations. Notably we conclude that the surface dissociation constant of soluble

surfactants cannot be directly obtained from these experimental measurements, however, we show that

molecular dynamics (MD) simulation methods, such as free energy perturbation (FEP), can be used to

calculate the surface acid dissociation constant relative to that in the bulk. These simulations show that

nonanoic acid is less acidic at the surface compared to in the bulk solution with a pKa shift of 1.1 � 0.6,

yielding a predicted surface pKa of 5.9 � 0.6. A thermodynamic cycle for nonanoic acid and its

conjugate base between the air/water interface and the bulk phase can therefore be established.

Furthermore, the effect of salts, namely NaCl, on the surface activity of protonated and deprotonated

forms of nonanoic acid is also examined. Interestingly, salts cause both a decrease in the bulk pKa of

nonanoic acid and a stabilization of both the protonated and deprotonated forms at the surface. Overall,

these results suggest that the deprotonated medium-chain fatty acids under ocean conditions can also

be present within the sea surface microlayer (SSML) present at the ocean/atmosphere interface due to

the stabilization effect of the salts in the ocean. This allows the transfer of these species into sea spray

aerosols (SSAs). More generally, we present a framework with which the behavior of partially soluble

species at the air/water interface can be predicted from surface adsorption models and the surface pKa
can be predicted from MD simulations.
Introduction

Atmospheric aerosol particles are ubiquitous in the atmo-
sphere. Sea spray aerosols (SSAs) are a major component of
primary aerosols as the ocean covers more than 70% of the
earth's surface.1 SSAs can impact climate by scattering or
absorbing solar radiation,2,3 reacting with gases in the Earth's
atmosphere,4–6 and affecting the formation of clouds.7 As SSAs
y, University of California, La Jolla, San

d.edu; vhgrassian@ucsd.edu
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tion (ESI) available. See DOI:

f Chemistry 2020
are generated from wave breaking and bubble bursting from the
sea surface microlayer (SSML), the aerosol particles enrich
a variety of organic species to the aerosol phase, especially
surface-active molecules.8–10 Fatty acids contribute to a large
fraction of surface-active organic species found in SSML and
SSA.8,11,12 The fatty acid organic coating on SSA surfaces can
affect the climate–relevant properties of these particles, such as
their reactivity,3,13,14 hygroscopicity,15 optical properties,3 cloud
condensation nucleation3,15,16 and ice nucleation activity.3,17

Although the most abundant fatty acids found in the SSML and
SSA are palmitic acid (C16) and stearic acid (C18),9,11,18 medium-
chain fatty acids (C8–C10) have also been identied in previous
studies.8,9,11 It has been found that medium-chain fatty acids
make up about 7.4%, 0.9%, and 1.7% of the total saturated fatty
Chem. Sci., 2020, 11, 10647–10656 | 10647
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acids in the SSML, coarse SSAs (2.5–10 mm wet diameter), and
ne SSAs (<2.5 mm), respectively.11

Medium-chain fatty acids are both less surface-active and
more soluble compared to longer-chain fatty acids such as
palmitic and stearic acids.8,19 For example, the solubility for
palmitic acid is 0.72 mg L�1 at 20 �C, which is about 400 times
lower than the solubility of nonanoic acid (300 mg L�1). The
protonated form of fatty acids is more surface-active while the
deprotonated form is relatively surface inactive.20,21 This is of
particular interest since studies have shown that the pH of
aerosol particles can vary dramatically within a large range (0–
8).22–26 Therefore, it is crucial to understand the behavior of
protonated and deprotonated medium-chain fatty acids at the
surface and in the bulk and how changes in pH alter their
behavior in order to understand how this pH range affects the
properties of the aerosol surface.

In this study, we have combined experiments with theory to
better understand the behavior of nonanoic acid and its
conjugate base at the air/water interface. The behavior of non-
anoic acid can be expressed as due to the presence of different
species in the bulk and at the surface as shown in Scheme 1.

The acid dissociation constant (pKa) of nonanoic acid in the
bulk in Scheme 1, has been reported in other studies.20,27

However, most of the studies have used weak acid titration,
which requires the bulk concentration of nonanoic acid to be at
least 1 mM. As we aim to study nonanoic acid at more envi-
ronmentally relevant bulk concentrations, a method based on
NMR spectroscopy is used to measure the bulk pKa of nonanoic
acid at 4 lower concentrations.28 The detailed calculations for
the bulk pKa of nonanoic acid and NMR data can be found in
ESI (see Fig. S1 and S2†).

The partitioning of both forms, HA and A� , of nonanoic acid
and nonanoate, respectively, between the air/water interface and
the bulk is examined by obtaining surface pressure versus non-
anoic acid concentration curves at either pH 2.1� 0.1 or pH 11.5
� 0.5. Surface pressure is dened as the difference between
surface tension when the surfactant is present compared to the
surface tension of the pure aqueous solution. At these pH values,
the HA and A� are present in the bulk at concentrations of
0.01 mM to 1 mM and 0.05 mM to 15 mM, respectively. Two
Scheme 1 Four processes involved in the model to understand the
behavior of nonanoic acid at different pH and different nonanoic acid
concentrations. Shown above are four different species considered
C8H17COOHbulk (HAb), C8H17COObulk

� (Ab
�), C8H17COOHsurface (HAs)

and C8H17COOsurface
� (As

�) and the four different transition arrows
between them (the thicker arrow represents that A� is much less
surface active compared to HA).

10648 | Chem. Sci., 2020, 11, 10647–10656
adsorption models were tted with the experimental data to
obtain the partitioning of both HA and A� .19,21 To close the cycle
shown in Scheme 1, we include the surface acid dissociation
constant. This constant is usually called the “surface pKa”

20,29

and it is a value of great interest.14,30 However, this constant is
difficult to determine from experiments alone. There have been
studies which stated that the acid dissociation of surfactants at
the interface cannot be directly quantied by the surface
concentrations of the protonated and deprotonated forms as
they are coupled with the adsorption processes.31–33 Therefore,
molecular dynamics (MD) simulations and free energy pertur-
bation (FEP) calculations were performed to directly investigate
the surface stability and free energy differences of protonation
for the surface versus bulk acids. Since MD can resolve chemical
systems at a molecular level and on a nanosecond timescale, it
remains an essential tool for understanding chemical properties
not readily obtained by experimental methods. Here, the
combination of experimental and computational methods has
provided advanced insight into the behavior and properties of
nonanoic acid at the surface and in the bulk. Furthermore,
a thermodynamic cycle between the four species plus the
hydronium ions shown in Scheme 1 can be established based on
the combination of the experimental and computational results.

Additionally, given the large ionic strength in the ocean
environment and the fact that salts can affect the surface
adsorption and stability of surfactants at the air/water inter-
face,34–36 it is also crucial to study the impact of salts on the
surface activity of HA and A� . Here a salt concentration of 0.5 M
NaCl was chosen for this study based on its concentration in the
ocean. By using surface pressure titration curves, surface
adsorption model calculations and Infrared Reection
Absorption Spectroscopy (IRRAS), we are able to elucidate the
perturbation of salts on the behavior of nonanoic acid at the air/
(salt)water interface and in the bulk.

Experimental methods and materials

Nonanoic acid (analytical standard) was purchased from Sigma
Aldrich and used without further purication. NaCl salt was
purchased from Fisher Scientic and was baked at 200 �C
overnight to remove organic contaminants. Aqueous solutions
were prepared using Milli-Q water with an electric resistance of
18.2 MU. Hydrochloric acid (1 N stock solution) and sodium
hydroxide (1 N stock solution) were purchased from Fisher
Chemical.

1H NMR experiments for bulk pKa studies were performed
using a 500 Jeol ECA NMR spectrometer with wet suppression of
H2O. Solutions of nonanoic acid were prepared at concentra-
tions of 1 mM in both water and 0.5 M NaCl salt solutions. The
nonanoic acid solution in water was then diluted to different
concentrations. NMR samples were prepared volumetrically
with 90% (v/v) nonanoic acid solutions and 10% D2O (99.9%,
Cambridge Isotope Laboratories, Inc.) for NMR eld frequency
lock. Solution pH was determined from an Oakton 700 pH
meter and was adjusted by either 1 N HCl or 1 N NaOH. The
detailed calculations for bulk pKa of nonanoic acid from NMR
data are included in Fig. S1 and S2.†
This journal is © The Royal Society of Chemistry 2020
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Surface tension measurements were done with a Kibron
AquaPi tensiometer. Acidic solutions of nonanoic acid were
prepared by dissolving 1 mM in water or 0.5 M NaCl solution at
around pH 11 to fully dissolve the nonanoic acid, and then the
pH was adjusted to 2.1 � 0.1. These solutions were subsequently
diluted with water (or 0.5 M NaCl solution) at pH 2.1 � 0.1 to
different concentrations. Basic solutions of nonanoic acid were
prepared at concentrations of 15 mM in water or 0.5 M NaCl
solution with 20mMof NaOH. These solutions were then diluted
into samples with different nonanoic acid concentrations while
maintaining the same Na+ concentration as the starting solution.
The pH of these solutions ranged from 11 to 12.

Surface pressure titration experiments were performed by
a computer-controlled lm balance (KSV NIMA LB, S/N
AAA100505) with a slightly modied side hole Petri dish,
designed by Allen and co-workers.37 Nonanoic acid solutions at
different concentrations were made in water or 0.5 M NaCl with
an initial pH around 11.5. A 40 mL solution was used for each
experiment and was titrated with 1 N HCl via a syringe through
the side hole of the Petri dish. The solution was stirred to ensure
efficient mixing of the titrant. The surface pressure and pH were
monitored throughout the titration experiments. The balance was
zeroed before each experiment (pH 11.5) and therefore the surface
pressure results were corrected by adding the surface pressure
measurement of each system at pH 11.5 from the tensiometer to
all the data points. Aer the pH of the solution was titrated to
around 2, it was titrated back with 1 N NaOH to basic pH. There is
no obvious difference found in this work between the different
methods, i.e. from low to high pH or high to low pH.

The Infrared Reection Absorption Spectroscopy (IRRAS)
setup has been described previously.38,39 The IR beam from an
infrared spectrometer (Bruker Tensor 37) is directed onto the
aqueous solution surface in the Petri dish at an angle of 30�

from the surface. We chose 30� because that is the optimal
angle for the incident beam at an air–water interface for the
unpolarized beam used in our setup.40,41 The reected beam is
sent to anMCT detector (Infrared Associates Inc., midband with
ZnSe window). The reectance absorbance (RA) for the IRRAS
spectra was plotted as a function of wavenumber, where

RA ¼ �log
�
R

R0

�
(1)

and R is the reectivity of the nonanoic acid solution in water or
0.5 M NaCl solution and R0 is the reectivity of the pure water or
0.5 M NaCl solution. Each IRRAS spectrum is the result of
averaging 300 scans over the range of 4000 to 400 cm�1 with
a spectral resolution of 8 cm�1. Spectra shown in this work are
the average of at least three individual spectra. Here we focus on
the C–H stretching region due to the low signal and water vapor
interference in other regions of the spectrum. We used the
intensity of the C–H stretching region as amonitor of increasing
and decreasing surface coverage.

All-atom MD simulations were performed on nonanoic acid
monolayer systems. Nonanoic acid monolayers were con-
structed using PACKMOL42 by placing nonanoic acid molecules
into two symmetrical leaets, which were then placed above and
below a block of TIP3P43 water molecules, with the carboxylic
This journal is © The Royal Society of Chemistry 2020
acid headgroups pointing towards the water and the hydro-
phobic tails pointing towards vacuum. To directly compare to
experimental conditions, the fatty acids were packed at an area
per lipid of 30 Å2. The systems were parameterized using the
CHARMM36 (ref. 44) force eld and simulated with NAMD 2.13
at 298.15 K in an NVT ensemble.45 These simulations were
completed on NVIDIA GTX 1080Ti GPU (GeForce GTX Titan,
NVIDIA, Santa Clara, CA). For a detailed gure and description
of the simulation box, see Fig. S3.†

To evaluate the relative stability of monolayers of protonated
versus deprotonated forms of nonanoic acid, 50 Å � 50 Å
systems were constructed with 0.5 M NaCl to balance the
charges and mimic experimental conditions. These simulations
were rst energy-minimized for 42 picoseconds and then
equilibrated by gradually releasing constraints placed on all
atoms in 5 consecutive steps, each run for 100 ps. For each of
the protonated and de-protonated systems, triplicate simula-
tions of 25 nanoseconds were run and subsequently analyzed
using MDTraj46 and PyTraj47 MD analysis packages. Markers of
fatty acid monolayer stability such as energies, tilt angles, and
headgroup position distributions were evaluated (Fig. S4†).

Alchemical FEP calculations were performed using the free
energy methods implemented in NAMD which utilize a dual-
topology paradigm.48,49 Two nonanoic acid FEP systems were
set up as described above, one at 30 Å2 for 100 Å � 100 Å leaets
with a single nonanoic acid in bulk water and another with
a single nonanoic acid at the surface as well as a single acid in
bulk water, and were simulated for 20 ns using all-atom MD.
Aerwards, 8 replicates of FEP/MD simulations were carried out
for both monolayer and bulk environments. The FEP/MD
simulations were divided into 32 equidistant l-states between
0 and 1 for forward and backward alchemical transformations
with a total of 2.5 ns of FEP/MD sampling for each replicate.
These systems were equilibrated locally using a NVIDIA Quadro
P4000 GPU. All production runs and calculations utilized the
Extreme Science and Engineering Discovery Environment
(XSEDE).50 Specically, simulations were performed on the
Comet supercomputer. The FEP calculations were analyzed
using the ParseFEP51 plugin for VMD52 using the Bennett
acceptance ratio estimator of the free energy. The pKa shi for
a nonanoic acid molecule in a monolayer environment was
calculated using eqn (2) and (3)53–55 where DGmono

deprot and
DGbulk

deprot refer to the free energy gap between the protonated and
deprotonated forms of nonanoic acid in a monolayer at the air/
water interface and in the bulk, respectively.

DpKa ¼ pKmono
a � pKbulk

a ¼ DDG

2:303RT
(2)

DDG ¼ DGmono
deprot � DGbulk

deprot (3)
Results and discussion

The bulk pKa of nonanoic acid at different concentrations was
determined by NMR spectroscopy. The bulk pKa of nonanoic
Chem. Sci., 2020, 11, 10647–10656 | 10649
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acid was found to be 4.8 � 0.1 over the range of concentrations
used from 0.1 to 0.9 mM, which is in agreement within exper-
imental error to the literature value of 4.97 � 0.05.20,27 Details of
the NMR spectra are found in the ESI (Fig. S1 and S2†). In this
study the activities for nonanoic acid at different bulk concen-
trations were represented simply by its concentrations as
Fig. S2† suggests that the activity coefficients must be close to
one in order to obtain the same pKa value at different nonanoic
acid concentrations. As nonanoic acid is both slightly surface
active and slightly soluble, it will be present both at the surface
and in the bulk. In addition, the HA is muchmore surface active
than A� in pure water (vide infra) in the concentration range
studied. To show this we reduced the number of species by
xing the pH at very acidic (pH 2.1� 0.1) and very basic (pH 11.5
� 0.5) values. The surface pressure versus nonanoic acid
concentration curves were obtained at both acidic and basic pH,
which is shown in Fig. 1a. This result is in agreement with
previous studies.20,21 It is obvious that HA is muchmore likely to
partition to the surface than the A� and at low concentrations
the deprotonated form (A� ) is negligible on the surface.

Danov and co-workers have developed a van der Waals
model for the surface adsorption of protonated fatty acids,
including nonanoic acid, where they link the bulk concentra-
tion of protonated fatty acid with the surface pressure
measurement.19 The equations are expressed in eqn (4) and (5):

ps ¼ GHAkT

1�fGHA

� bGHA
2 (4)

KHA � cHA ¼ aGHA

ð1� aGHAÞ exp
�

aGHA

1� aGHA

� 2bGHA

kT

�
(5)

where cHA is the bulk concentration for HA, ps is the surface
pressure, a is the excluded area per molecule, GHA represents
molecules per unit area of HA, b is the parameter accounting for
the interaction between adsorbed molecules, k is Boltzmann
constant, T is temperature and KHA is the adsorption constant of
HA. This model ts very well with our surface pressure versus
concentration curve at pH 2 by using the parameters provided
from Danov et al., where a is determined to be 22.61 Å2 and b to
Fig. 1 (a) Surface pressure versus the total concentration of nonanoic ac
model fitting of the surface pressure versus protonated nonanoic acid con
black line represents the fit by the van der Waals model from Danov et al.1

pH 11.5 � 0.5 with a constant concentration of NaOH (20 mM). The blue
and the black line represent the right-hand side of eqn (6) with best fit o

10650 | Chem. Sci., 2020, 11, 10647–10656
be 2.207 � 10�39 m3N for nonanoic acid.19 Eqn (4) was used to
calculate the GHA value and eqn (5) was used for obtaining the
KHA value with the best t. The experimental and model tting
of the surface pressure versus concentration plot can be found
in Fig. 1b. The KHA value here is calculated to be 2903 M�1,
which is in relatively close agreement with the value of 2773M�1

from Danov et al.19 However, it should be noted that this KHA

value is not an equilibrium constant but an adsorption constant
as the concentration of HAs divided by the concentration of HAb
is not a constant at different bulk acid concentrations.

For the surface adsorption of A� , a slightly modied version
of another ion-binding model reported from Badban et al. was
used to t the experimental data.21 The nal equation that links
the derivative of surface tension with the concentration of A�

eqn (6) below:

� 1

RT

dg

dðlncA�Þ ¼ Gmax

�
KA�cA�

1þ KA�cA�

�
(6)

where g is surface tension, R is the ideal gas constant, T is
temperature, cA� represents the bulk concentration of A�, Gmax

is dened as the total available sites on the surface, and KA�

represents the adsorption constant for A� . Detailed calcula-
tions can be found in the ESI.† The le-hand side of eqn (6) can
be obtained from experimental data at basic pH and the right-
hand side of eqn (6) can be obtained from varying the param-
eter KA� to nd the best t. The model tting can be seen in
Fig. 1c. The value of Gmax ¼ 1.97 � 10�5 mol m�2 is taken
directly from Badban et al., as its denition requires it to be
a xed value under given circumstances.21 It should be noted
that both sides of eqn (6) converge to GA� which represents the
surface excess concentration of A� (mol m�2). The best t result
for KA� is 11 M�1, which is about 260 times lower than the
adsorption constant of HA (KHA).

At intermediate pH, the four species shown in Scheme 1 will
co-exist in the system. Then the surface pressure versus pH plot
will show a reverse “S” shaped curve as can be seen in Fig. 2. The
blue open circles represent the data due to the soap effect that is
caused by the interaction between the HA and A� forming an
acid–soap complex (HA : A� ) at the surface, which has been
id in water at pH 2.1 � 0.1 and pH 11.5 � 0.5. (b) The experimental and
centration at pH 2.1� 0.1. The blue dots are experimental data and the

9 (c) Model fitting for deprotonated nonanoic acid surface adsorption at
dots represent the left-hand side of eqn (6) from the experimental data
f the parameters.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Surface pressure versus pH curves at different nonanoic acid concentrations: experimental data (blue dots) and model calculated curves
(black curves) using eqn (4), (5) and (7). The blue open circles represent the data due to the “soap effect” as discussed in detail in previous
studies.20,56–59
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discussed in previous studies.20,56–59 The reverse s-shaped curve
looks similar to a weighted average surface pressure from
surface protonated and surface deprotonated nonanoic acid,
which would be a measure of “surface pKa” as suggested from
an earlier study.20 However, when the pH of the solution varies,
the speciation of protonated and deprotonated forms of non-
anoic acid change in the bulk solution as well. Therefore, due to
the different surface adsorption properties between A� and HA,
the surface concentration of both species will vary with different
pH. Thus, the reversed s-shaped curves will have contributions
from surface adsorption process (i.e. partitioning from the bulk
to the surface) which need to be accounted for.

Since surface adsorption processes play a key role in these
surface pressure curves, we investigated whether these data
could be tted by a surface adsorptionmodel. As already shown,
the surface adsorption of A� is negligible at the concentration
used here (see Fig. 1). Therefore, the surface adsorption model
of HA was applied to calculate surface pressure versus pH curves
that are only due to the surface adsorption process of HA, which
is shown as black lines in Fig. 2. The calculated curves (the black
lines) were obtained from the eqn (4) and (5). The cHA in eqn (4)
was calculated from eqn (7) below:

cHA ¼ cðbulk totalÞ½Hþ�
½Hþ� þ Ka

(7)
This journal is © The Royal Society of Chemistry 2020
where [H+] is the concentration of hydronium ion in the bulk
solution and Ka is the bulk acid dissociation constant of non-
anoic acid. It is seen that the calculated curves t very well with
the experimental data with different concentrations of non-
anoic acid which means that the partitioning of HA to the
surface is dominating the surface tension measurements. It
should be noted that the experimental data at low pH ranges are
slightly higher than the model calculations. This could be due
to an experimental error associated with the uctuation of the
surface pressure measurements from the computer-controlled
lm balance and the stirring process aer each acid/base
solution titration. Overall, this reverse s-shaped curve due to
surface adsorption ts the surface pressure data and there is no
need to invoke a “surface pKa” contribution. Thus, the “surface
pKa” cannot be directly obtained from the ratio of the surface
deprotonated versus surface protonated species as calculated in
the bulk either, because this ratio on the surface is not directly
connected with the acid dissociation process but instead by
differences in the equilibrium partitioning of the different
forms (protonated and deprotonated) to the surface.31–33

However, the fact that this data can be explained without
needing a “surface pKa” term does not exclude the possibility
that surface dissociation occurs. Next, we will briey review
some previous studies on surface pKa and then show how
Chem. Sci., 2020, 11, 10647–10656 | 10651
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a computational method can be employed to understand the
energetics of acids at the air/water interface.

The surface dissociation process has always been of great
interest to atmospheric chemists as the chemical reactivities of
the atmospheric aerosol particles with the trace gases are
signicantly affected by their surface acidity or basicity.14,30

Many studies have been conducted to determine the “surface
pKa” or the “surface acid dissociation”;20,32,60–66 however, the
results have been controversial amongst different studies that
utilize different methods. A spectroscopic study on acid/base
pairs at the surface stated that the surface favors the non-
charged form of the acid/base pair relative to the bulk.67 Some
studies have stated that the carboxylic acid group is less acidic
(higher surface pKa, less likely to deprotonate) on the surface
than in the bulk, which agrees with the “surface favors non-
charged species” statement.20,32 However, other studies have
posited that the carboxylic acid group is more acidic (lower
Fig. 3 Box and whisker plots of the free energy change of deproto-
nation calculated for each microenvironment in the FEP/MD simula-
tions for the packed monolayer system (n ¼ 8). Mean � stdev:
DGmono

deprot ¼ �80.7 � 0.7 kcal mol�1 and DGbulk
deprot ¼ �82.2 �

0.5 kcal mol�1. The center line in each box shows the median, the box
boundaries show the 1st and 3rd quartiles, and the whiskers show the
minima and maxima of the respective data sets.

Fig. 4 Surface pressure versus concentration of nonanoic acid in water

10652 | Chem. Sci., 2020, 11, 10647–10656
surface pKa, more likely to deprotonate) on the surface than in
the bulk.60–62 Aside from the study with insoluble long chain
fatty acids like stearic acid,64 the surface pressure and spectro-
scopic studies with soluble compounds have the possibility of
containing interference from surface adsorption process of the
protonated and deprotonated species. To circumvent this issue,
some studies use insoluble molecules with long alkyl chains to
obtain the surface pKa and compare with the bulk pKa obtained
from the same functional group with a short, soluble alkyl
chain.65,66 However, the pKa of the functional group may be
affected by the alkyl chain length or the environment it faces at
the surface.20,68 Some other studies used mass spectrometry to
test carboxylic acids dosed on the surface of microdroplets
generated from electrospray, which seem more reliable as there
are no bulk species.60,61 However, the carboxylic acid they tested
is dosed on a charged surface which may affect its surface acid
dissociation process. Therefore, in summary, it has proven very
difficult to get reliable experimental measurements of the
surface acid dissociation process for soluble species.

To demonstrate an alternative method for investigating this
process, MD simulations on the system containing nonanoic
acid at both the air/water interface and in the bulk were per-
formed in order to compare the “surface pKa” relative to the
bulk pKa. MD simulations show that protonated nonanoic acid
forms a more stable monolayer than the deprotonated non-
anoate, despite any additional stability conferred by sodium-ion
coordination. The decreased stability of the anionic form could
be attributed to the inhibited access of cations to coordinate the
carboxylate headgroups due to the geometric constraint of the
planar interface. The dissolution of the monolayer structure,
resulting in the partial solvation of the acid(s), allows for more
ion–ion binding with the consequence of reduced surface-
activity. A detailed description of these simulations and some
standard equilibrium measurements are provided in Fig. S4.†

Using rigorous alchemical methods, the pKa shi between
monolayer and bulk was calculated for nonanoic acid from the
difference in DG of deprotonation (Fig. 3). The predicted surface
pKa can be calculated from the experimentally determined pKa

of nonanoic acid in bulk, thereby integrating theoretical and
experimental results.
and in 0.5 M NaCl solution at pH 2 (a) and pH 11–12 (b).

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Surface pressure versus pH curves (a, c, e and g) and IRRAS
spectra at pH 2 (b, d, f and h) with different nonanoic acid concen-
tration in water compare to in 0.5 M NaCl solution. *Data points
attributed to the “soap effect” in the middle range of the curves shown
in Fig. 2 are removed to more clearly show the differences.
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The alchemical transformations show a clear free energy
difference dependent on the surrounding microenvironment
with the deprotonation process being more favorable in bulk
solution as compared to in a monolayer. Using eqn (2) and (3)
described above, we calculated DpKa to be 1.1 � 0.6, leading to
a surface pKa of 5.9 � 0.6 for nonanoic acid in a packed
monolayer. This nding suggests that nonanoic acid is slightly
less acidic when located at the interface than it is in bulk
solution (bulk pKa 4.8 � 0.1), which is in agreement with the
results of this paper as well as previous work on longer-chain
fatty acids.29,35,69,70

The highly negative DG values in Fig. 3 for both the bulk and
surface systems are caused by the exclusion of certain terms
that were assumed to be constant between the two systems,
such as intramolecular interactions, in the alchemical method
used here. Therefore, the DG values are, by themselves, not
complete free energy differences for the real-world deprotona-
tion process. The difference between DG values reects the
effect the environment has on the electrostatic and van der
Waals forces on the molecule and therefore is an accurate
representation of the difference in pKa. Other studies that have
investigated similar deprotonation processes have shown that
reasonable pKa values can be successfully calculated from these
types of DG differences.50

We also investigated the role of the packing density of the
monolayer on the surface pKa of nonanoic acid by repeating the
free energy calculations on a single nonanoic acid at the air–
water interface (Fig. S5†). These calculations gave similar
results to the monolayer system packed at 30 Å2, with DpKa ¼
0.9 � 0.5, suggesting that the shi in pKa is mostly due to the
acid's location at the interface, and not necessarily the
surrounding acids.

So far, we have calculated the four constants associated with
the four equilibria in the Scheme 1. Although the adsorption
constants KHA and KA� are not strictly equilibrium constants,
they can be treated as equilibrium constants at innite dilution
condition. Therefore, we have pKa (surf) ¼ 5.9 � 0.6, pKa (bulk)
¼ 4.8 � 0.1, pKHA ¼ �3.4 � 0.1, pKA� ¼ �1.0 � 0.3, which are
proportional to the free energies. However, these four equilibria
are not a full thermodynamic cycle, as the two acid dissociation
processes include hydronium ions whose surface adsorption
constant is necessary but unknown form this study. If hydro-
nium ion adsorption is ignored, then the cycle is not a true loop
since the nal state has different numbers of hydronium ions at
the surface and bulk than the initial state. Therefore, in order to
close the loop, we used the value from a recent report by Das
et al.71 that DG(H+) ¼ �1.3 � 0.2 kcal mol�1, which is the free
energy for the hydronium ion surface adsorption. From this, the
pKH

+ ¼ �0.95 � 0.15. As the pK values are proportional to the
free energy, they should sum to zero for the full thermodynamic
cycle. From our results, the numbers sum to be: pKHA + pKa

(surf)� pKA� � pKH
+ � pKa (bulk)¼�3.4 + 5.9 + 1.0 + 0.95–4.8¼

�0.35 � 0.7, which is close to zero within error.
Given the large ionic strength present in marine-relevant

systems, it is crucial to also investigate the impact of salt on
the surface adsorption model of medium-chain fatty acids. The
bulk pKa of nonanoic acid in the presence of 0.5 M NaCl
This journal is © The Royal Society of Chemistry 2020
solution is tested rst. The chemical shi versus pH plot for
nonanoic acid in water compared to in 0.5 M NaCl solution is
shown in Fig. S6.† The bulk pKa for nonanoic acid in the pres-
ence of salt is calculated to be 4.6 � 0.1, which demonstrates
that the presence of salt slightly lowers the apparent bulk pKa

value of nonanoic acid, compared to a pKa value of 4.8 � 0.1 for
nonanoic acid in pure water. Although the pKa value of non-
anoic acid with the presence of NaCl has not been reported in
the literature, it is known that the presence of Na+ has the ability
to enhance deprotonation of carboxylic acids.72
Chem. Sci., 2020, 11, 10647–10656 | 10653
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Table 1 The percent increase of surface pressure at pH 2 due to the presence of 0.5 M NaCl (from Fig. 5a, c, e and g) and the percent increase of
the integration of the peaks in the IRRAS spectra due to the presence of 0.5 M NaCl (from Fig. 5b, d, f and h)

Nonanoic acid bulk
concentration (mM)

The percent increase
of surface pressure at pH 2 due to the presence
of 0.5 M NaCl (%)

The percent increase of
the integration of the peaks in the IRRAS spectra
due to the presence of 0.5 M NaCl (%)

1 6.7 � 0.2 2.6 � 0.3
0.5 18 � 1 22 � 2
0.1 50 � 2 47 � 6
0.05 66 � 4 76 � 21
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The surface pressure versus nonanoic acid concentration
curves in pure water and in 0.5 M NaCl solution at acidic and
basic pH can be found in Fig. 4. It is obvious that the presence of
salt increases the surface adsorption of both HA and A�, and
this effect is more pronounced at basic pH. At acidic pH, HA is
already surface active and the surface adsorption of nonanoic
acid is already high. In addition, the interaction between HA
and Na+ ion is relatively weak as it is not an ion–ion binding.
Therefore, the stabilization effect of salt is less prominent at
acidic pH compared to that at basic pH. When nonanoic acid is
deprotonated at basic pH, the Na+ ion can stabilize it at the air/
water interface by forming the ion-binding pair.34,35

The slightly modied model from Badban et al. that was
applied to surface pressure versus nonanoic acid concentration
at basic pH in pure water is also applied to that in the 0.5 M
NaCl solution to obtain the adsorption constant for A– in the
presence of salt (KNa

A� ).21 The tted curve is shown in Fig. S7† and
the tted parameter KNaþ

A� was found to be 55 M�1. It should be
noted that this model is a simplied model as it eliminates
some parameters and does not take into account the difference
in surface adsorption equilibrium between organic species and
the cations such as Na+.21,34 Therefore, it cannot predict the
shape of the curve with the presence of Na+ very well. However,
we want to obtain a semi-quantitative comparison between the
adsorption constant of nonanoic acid with and without the
presence of salt. Based on what we obtained from the model
tting, KNa

A� is about 5 times greater than KA� in water. This
demonstrates that in the presence of salt, the surface adsorp-
tion of A� is signicantly increased.

The pH titration curves for nonanoic acid at different
concentrations in the presence of 0.5 M NaCl compared with
that in water is shown in Fig. 5. Data points due to the soap
effect on surface pressure versus pH curves are removed to more
clearly show the differences. Although we have concluded that
the presence of salt will affect the surface adsorption of A�more
than the HA, the differences in surface pressure between the
one in water (blue dots) and that in salt solution (red dots) at
basic pH (pH 8–12) in the titration curves in Fig. 5a, c, e and g
are small due to the low concentration used. However, we can
see clearly the difference in surface pressure at acidic pH. The
IRRAS spectra for the C–H stretching region at pH 2 are also
shown in Fig. 5. It is obvious that the peak intensity with the
presence of salt is greater than that in water, which demon-
strates that the presence of salt enhances the surface adsorption
of HA. The IRRAS spectra also shows that at a lower nonanoic
10654 | Chem. Sci., 2020, 11, 10647–10656
acid concentration at pH 2, the intensity difference with and
without salt is more obvious. This could be due to the fact that
at a nonanoic acid concentration of 1 mM, the surface
adsorption of the HA is reaching its maximum19 and therefore
the interaction with salt cannot provide a signicant increase in
surface adsorption. The percent increase values of the integra-
tion of these peaks due to the presence of salt at different
nonanoic acid bulk concentrations agree qualitatively and
change in the same direction with the percent increase values of
surface pressure at pH 2 due to the presence of salt, as can be
seen from Table 1. We did not see IRRAS signal for nonanoic
acid in both water and salt solution at pH 12 with the concen-
trations used in the titration curves (data not shown). The
IRRAS signal for 14 mM nonanoic acid at basic pH in water
compared with in 0.5 M NaCl solution can be found in Fig. S8,†
which demonstrates that the salt increases the surface adsorp-
tion of A� as well.
Conclusions

In this work, the surface adsorption of nonanoic acid and its
conjugate base has been established and the impact of salt on
these equilibria is investigated using experimental and theo-
retical approaches for the rst time to better understand the
driving force of surface species. It has been found that the
surface adsorption of nonanoic acid is controlled by the pH of
the bulk phase and the very different surface activity of the
two different components, protonated versus deprotonated.
The surface acid dissociation constants for soluble surfac-
tants are therefore difficult to dene and/or directly measure
since the ratio of protonated and deprotonated species on the
surface does not directly connect with the surface acid
dissociation process and could be due to the difference in the
surface adsorption properties of both forms. However, MD
simulations with alchemical free energy methods were used
to calculate the pKa shi of nonanoic acid at the air/water
interface versus in the bulk. These calculations suggest that
nonanoic acid in a monolayer at the air/water interface is less
acidic than acids in the bulk by roughly 1 pKa unit. We show
here that simple free energy calculations can provide a valu-
able supplement to experimental methods when investigating
surface properties of partially soluble lipids. We also have
established a thermodynamic cycle for nonanoic acid and its
conjugate base between the air/water interface and the bulk
phase.
This journal is © The Royal Society of Chemistry 2020
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In addition, the presence of salt, namely NaCl, is found to
slightly decrease the bulk pKa of nonanoic acid and increase the
surface adsorption of both HA and A� . This explains why
medium-chain fatty acids are found in the SSML and SSA
despite the fact that one might assume they should be negli-
gible at the surface because they exist in their deprotonated
forms at ocean pH and should not be too surface active at low
concentrations (<1 mM).8,11 Overall, these results can be applied
to other partially soluble surface-active species that contain
multiple solution phases with varying surface activities.
Understanding air/water and air/salt water interfaces is criti-
cally important in aerosol chemistry as the nature of the aerosol
surface composition can impact a number of important prop-
erties including aerosol reactivity, hygroscopicity and aerosol
lifetimes.3,13,14
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