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Abstract 

Saccharides comprise a significant mass fraction of organic carbon in sea spray aerosol (SSA), but 

the mechanisms through which saccharides are transferred from seawater to the ocean surface and 

eventually into SSA are unclear. It is hypothesized that saccharides cooperatively adsorb to other 

insoluble organic matter at the air/sea interface, known as the sea surface microlayer (SSML). 

Using a combination of surface-sensitive infrared reflection-absorption spectroscopy and all-atom 

molecular dynamics simulations, we demonstrate that the marine-relevant, anionic polysaccharide 

alginate co-adsorbs to an insoluble palmitic acid monolayer via divalent cationic bridging 

interactions. Ca2+ induces the greatest extent of alginate co-adsorption to the monolayer, evidenced 

by the ~30% increase in surface coverage, whereas Mg2+ only facilitates one-third the extent of 

co-adsorption at seawater-relevant cation concentrations due to its strong hydration propensity. 

Na+ cations alone do not facilitate alginate co-adsorption, and palmitic acid protonation hinders 

the formation of divalent cationic bridges between the palmitate and alginate carboxylate moieties. 

Alginate co-adsorption is largely confined to the interfacial region beneath the monolayer 

headgroups, so surface pressure, and thus monolayer surface coverage, only changes the amount 

of alginate co-adsorption by less than 5%. Our results provide physical and molecular 

characterization of a potentially significant polysaccharide enrichment mechanism within the 

SSML.  
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Introduction 

Saccharides constitute one of the most abundant classes of organic carbon in sea spray 

aerosol (SSA);1–3 but the mechanisms through which these compounds are selectively transferred 

from bulk seawater to the ocean surface, known as the sea surface microlayer (SSML), and finally 

to SSA, are not fully understood.4 Compared to the concentration in seawater, saccharides are 

enriched 1.2–12.1-fold in the SSML,5–7 38–3700-fold in super-micron SSA,8 and 100–930,000-

fold in sub-micron SSA.8,9 Saccharides can be covalently bound to larger, more surface-active 

biomolecules, such as glycoproteins or lipopolysaccharides, which adsorb to the SSML and are 

eventually transferred into SSA via bubble bursting at the ocean surface.10,11 Alternatively, soluble 

saccharides can become enriched in SSA by forming a cooperatively adsorbed layer to insoluble 

organic films at the SSML primarily through electrostatic interactions.10,12–15 Chemical 

composition is a significant driver of SSA particle radiative properties, so climate models require 

predictive representations of marine aerosol composition to accurately model climate processes in 

the marine boundary layer.12,16–19 SSA containing polysaccharides, especially polysaccharides 

within marine microgels, comprise a significant fraction of cloud condensation nuclei (CCN)20–23 

and ice nucleating particles (INPs),24–31 thereby affecting cloud formation and albedo. Current 

climate models underestimate the proportion of polysaccharides in marine aerosol.12,16,32,33 Thus, 

characterization of polysaccharide enrichment mechanisms in SSA is imperative for improving 

aerosol representation in global climate models. 

A divalent cation mediated cooperative adsorption (co-adsorption) mechanism was 

postulated by Schill et al. to explain enrichment of the monosaccharide glucuronic acid in 

laboratory-generated SSA.10 Glucuronic acid likely co-adsorbs to an insoluble palmitic acid 

(hexadecanoic acid, CH3(CH2)14COOH) monolayer via seawater divalent cationic bridging 
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interactions. Palmitic acid is one of the most abundant lipids in the SSML34,35 and in nascent 

SSA,34,36,37 making it a good model for insoluble organic matter in an SSML proxy film.38–41 Co-

adsorption to insoluble lipid monolayers has been indirectly observed for other saccharides and 

polysaccharides as well.12–14,42 Electrostatic interactions between charged saccharides and either 

charged or zwitterionic lipid headgroups have been the predominant mechanism of co-adsorption 

proposed. For example, the cationic polysaccharide chitosan primarily interacts with negatively 

charged and zwitterionic phospholipids through electrostatic interactions between the chitosan 

ammonium and phospholipid phosphate moieties.43–48 Chitosan co-adsorption expands the 

monolayer,49 and chitosan likely intercalates into the monolayer at low mean molecular area 

through dispersive interactions.47,48 Divalent cationic bridging between the anionic polysaccharide 

dextran sulfate and the zwitterionic phospholipids 1,2-dipalmitoyl-phosphatidylethanolamine 

(DPPE) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) has also been measured.50–52 

Ca2+ bridges the sulfate and phosphate moieties, whereas Na+ does not.51 Strength of dextran 

sulfate co-adsorption increases with the number of calcium bridges formed, and unlike chitosan, 

dextran sulfate does not intercalate into the monolayer; instead, the authors argued that strong 

bridging interactions tether the polysaccharide to the underside of the phosphate headgroups.52 

Thus, divalent cationic bridging interactions could promote polysaccharide co-adsorption to the 

SSML and enrichment in SSA. 

Recent work by Hasenecz et al. has shown that the polysaccharide alginate is enriched in 

laboratory-generated marine aerosol, and alginate enrichment can be enhanced upon adding 

protein and additional CaCl2 salt to the model seawater solution.53 Alginate is a type of 

exopolymeric substance derived from marine brown algae and bacteria;54,55 it is composed of 

(1→4)-linked α-ʟ-guluronic (G) and β-ᴅ-mannuronic (M) monomers that form a block copolymer 
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with random sequences of M-, G-, and MG-blocks.56–61 Alginate polymers undergo ionic cross-

linking to form hydrophilic gels via metal ion coordination primarily to the G residue carboxylic 

acid moieties.58,61,62 The rigidity and stability of the hydrogels are largely driven by the M/G 

residue ratio and the molecular weight of the polymers,61,63,64 but the ionic cross-linker identities 

and concentrations also play a crucial role.65–70 Multivalent cations readily induce gelation, and 

the cation hydration free energies dictate the local interaction configurations with G residues.70 Of 

the abundant seawater cations, Ca2+ is the most efficient gelling agent.65,66,70 Mg2+ only induces 

gelation at high alginate concentrations (> 3 wt% alginate and [Mg2+] > 50 mM) because of its 

high affinity for water such that the G residue carboxylate moieties cannot readily dehydrate Mg2+ 

for coordination.67–70 Extensive experimental and computational studies71–76 have investigated 

polysaccharide aggregation into surface-active marine gels via ionic coordination, but less is 

known about polysaccharide complexation to other surface-active organic molecules derived from 

marine biota. Enhanced saccharide enrichment in laboratory-generated SSA in the presence of 

divalent cations and other surface-active organic material strongly suggests a co-adsorption 

mechanism mediated by divalent cationic bridging.10,53 

In this study, we examine the cationic bridging mechanism responsible for alginate co-

adsorption to a deprotonated palmitic acid monolayer using surface-sensitive infrared reflection-

absorption spectroscopy (IRRAS) and molecular dynamics simulations. We directly observe 

polyelectrolyte adsorption to an insoluble monolayer of the same charge state bridged by an ion of 

opposite charge. Ca2+ induces the greatest degree of alginate co-adsorption to the monolayer, but 

the divalent cationic bridges break apart upon palmitic acid protonation. Mg2+ also promotes co-

adsorption to the deprotonated monolayer, but the interaction is much weaker due to the strong 

hydration of Mg2+. Na+ alone does not facilitate alginate co-adsorption. Our detailed experimental 



6 

 

and computational analyses of the alginate co-adsorption mechanism to an SSML proxy film 

suggest that the Ca2+ bridge to surface-active marine organic matter is an important driver of 

polysaccharide enrichment in the SSML, and thus, in SSA. 

 

Experimental and computational methods 

Materials 

Calcium chloride dihydrate (Certified ACS, Fisher Chemical), magnesium chloride 

hexahydrate (Crystalline/Certified ACS, Fisher Chemical), d31-palmitic acid (98%, Cambridge 

Isotope Laboratories, Inc.), and d33-cetyl alcohol (d33-hexadecanol, 98%, Cambridge Isotope 

Laboratories, Inc.) were used as received. Sodium chloride (99.5%, for biochemistry, ACROS 

Organics™) was baked for at least 10 hours in a furnace at 650° C to remove residual organic 

impurities.77 Alginic acid (sodium salt, ACROS Organics™, Lot: A0406891) was also used as 

received from the same batch to maximize homogeneity in molecular weight and composition. All 

aqueous solutions were prepared with ultrapure water (18.2 MΩ·cm, Milli-Q Advantage A10, 

EMD Millipore) in glassware cleaned in a piranha acid bath. Acidification by atmospheric CO2 

causes the ultrapure water pH to be 5.8 ± 0.1; hence, the pH 5.8 aqueous solutions were not pH 

adjusted. Atmospheric CO2 acidifies the solutions at seawater pH too, so the solutions were 

initially pH adjusted to 8.6 ± 0.1 to ensure that the pH would be 8.2 ± 0.1 throughout spectral 

acquisition. The solution pH was increased by adding microliter aliquots of 0.33 M NaOH solution 

created from dissolution of sodium hydroxide pellets (98%, extra pure, ACROS Organics™) into 

ultrapure water, and the aqueous subphase solution pH was measured in triplicate prior to use in 

experiments to ensure reproducibility. Lipids were dissolved in chloroform (Reagent ACS, 
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99.8+%, ACROS Organics™) to prepare ~1.25 mM solutions for spreading onto the aqueous 

surface. 

Surface pressure-area isotherms 

Surface pressure – area isotherms were performed using the Wilhelmy plate method in a 

Teflon Langmuir trough with Delrin barriers (Biolin Scientific). The platinum Wilhelmy plate, 

trough, and barriers were cleaned thoroughly with ultrapure water and ethanol, and the Wilhelmy 

plate was fired with a Bunsen burner until red hot. Surface cleanliness of the aqueous solution was 

assessed by sweeping the barriers at maximum compression speed (270 mm/min/barrier) to ensure 

that the surface pressure did not rise above 0.20 mN/m. d31-Palmitic acid dissolved in chloroform 

was spread dropwise onto the aqueous surface using a glass syringe (Hamilton), and the 

chloroform solvent was allowed to evaporate over 10 minutes. The barriers were symmetrically 

compressed at a rate of 5 mm/min/barrier, and constant surface pressure was maintained during 

spectroscopic measurements via slow barrier position fluctuations (1 mm/min/barrier). 

Infrared reflection-absorption spectroscopy 

Infrared-reflection absorption spectroscopy was conducted using an in-lab-built optical 

setup. Two planar gold mirrors positioned at 48° relative to surface normal were placed inside a 

Fourier transform infrared spectrometer (Spectrum 100, PerkinElmer) to direct the incident beam 

towards the aqueous surface and to direct the reflected light towards the liquid nitrogen-cooled 

HgCdTe (MCT) detector. Spectra were collected with unpolarized light as an average of 400 scans 

in the single-beam mode, and the spectral resolution was set to 4 cm-1. Energy values were 

recorded between 450 and 4000 cm-1 in 0.5 cm-1 increments. Experiments were repeated in at least 

triplicate, and each spectrum was reported as the average of all trials. Spectral background 

subtraction and peak integration were performed using OriginPro 9.0. The OH stretching region 
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was analyzed by fitting a line between endpoints 2985 and 3800 cm-1 for baseline subtraction, and 

the area under the curve was integrated between these endpoints. The IRRAS spectra and 

integrated peak areas were numerically corrected to account for differences in monolayer mean 

molecular area (MMA) between experiments. The average MMA value of the solution containing 

alginate was divided by the corresponding average MMA value of the salt water solution. This 

ratio was then multiplied into the reflectance-absorbance values of the spectra containing alginate. 

Similar spectral analyses were performed in the COOH stretching (1150-1850 cm-1) and CD2 

scissoring mode (1070-1110 cm-1) regions, and descriptions of the peak fitting procedures can be 

found in the Electronic Supplementary Information (ESI). All spectra and data points represent 

averages of at least three measurements, and error bars represent one standard deviation from the 

mean. 

Computational methods 

Explicit solvent all-atom molecular dynamics simulations were performed using NAMD78 

at a temperature of 298.15 K. The initial configurations of each system were constructed using 

Packmol.79 To approximate a TC palmitic acid monolayer at pH 5.6, palmitic acid molecules were 

packed into two planar 25 Å x 25 Å monolayer slabs, each containing 96 molecules. A pH of 8.2 

was approximated by packing 46 molecules each of palmitate and palmitic acid into monolayer 

slabs of the same dimensions. The monolayer slabs were then separated on one side by vacuum 

and the other side with a 60 Å-deep water box with 15 proxy alginate molecules (ESI Fig. S1). 

The initial structure for the alginate was constructed using the CHARMM-GUI glycan modeler80–

83 and consists of 6 (1→4)-𝛽-linked M monomers. For each representative pH, the aqueous phase 

either contained 0.47 M NaCl + 10 mM CaCl2 or 0.47 M NaCl only. TIP3P water84 was used in 

conjunction with the CHARMM36 forcefield. To improve the accuracy of sodium and calcium 
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interactions with the carboxylates in the monolayer and alginate, the version of CHARMM36 with 

an NBFIX correction (July 2018) was applied.85–88 Production simulations consisting of 200-ns 

trajectories each were then performed in triplicate for a total of 600 ns per system. The production 

run simulation length of 200 ns was chosen to allow for any long timescale diffusion and settling 

of ions and alginate. Additional details and discussion about the simulation set-up and parameters 

are given in the ESI. 

Analyses of the MD trajectories were performed in a Jupyter Notebook iPython 

environment. The density and radial distribution function (RDF) calculations were performed with 

pytraj.89,90 Lipid order parameters were calculated using the GROMACS gmx order tool from 

GROMACS version 2018.3.91 

 

Results and discussion 

 The mechanism of alginate co-adsorption to a d31-palmitic acid (CD3(CD2)14COOH) 

monolayer was investigated experimentally as a function of solution ionic composition, d31-

palmitic acid protonation state, and surface pressure. We will use the terms “monolayer” to refer 

to the monomolecular layer of d31-palmitic acid alone and “film” to describe alginate complexed 

to the d31-palmitic acid monolayer. Deuterated palmitic acid was used to spectrally isolate the CD2 

scissoring mode from the carboxylate stretching region. The ionic composition was selected to 

model concentrations of the most abundant cations in seawater: 0.47 M NaCl, 10 mM CaCl2, and 

53 mM MgCl2.
92,93 As a direct comparison to the 10 mM CaCl2 solution, alginate co-adsorption in 

10 mM MgCl2 aqueous solution was also measured. All aqueous solutions have a background of 

0.47 M NaCl to maintain high ionic strength as in seawater. 
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The carboxylic acid protonation state was varied through the solution pH values of 8.2 and 

5.8. Palmitic acid has a reported surface pKa between 8.34 and 8.7,39,94–96 and the pKa values of 

alginate G and M residues are 3.7 and 3.4, respectively.97 Thus at pH 8.2, the pH of seawater,98 

palmitic acid is partially deprotonated and alginate is fully deprotonated. At pH 5.8, palmitic acid 

is mostly protonated, and alginate carboxylate groups remain deprotonated. Salts can deprotonate 

carboxylic acids at pH values significantly below the pKa,
40,99,100 however, so a d33-cetyl alcohol 

(d33-hexadecanol, CH3(CH2)15OH) monolayer was used as a control to study alginate co-

adsorption to a fully protonated monolayer. Alginic acid is insoluble in water, so a lower pH value 

was not tested instead to avoid significant changes in solubility. Alginate hydrolysis kinetics are 

also enhanced in acidic solution, thereby changing the alginate molecular weight distribution in 

solution over time.101,102 Deprotonated palmitate molecules are slightly more soluble in water,39,40 

so IRRAS spectra were maintained and collected at constant surface pressure to minimize any 

interpretation impacts from dissolution. The surface pressure values of 5 mN/m and 25 mN/m were 

chosen to represent the tilted condensed (TC) and untilted condensed (UC) two-dimensional 

monolayer phases, respectively.103 Both phases exhibit long-range lateral order in the alkyl tails, 

but the d31-palmitic acid molecules in the UC phase are closer together on average (more tightly 

packed) and less tilted relative to surface normal.104 

To experimentally measure co-adsorption of alginate to the d31-palmitic acid monolayer, 

IRRAS spectra were analyzed in the OH-stretching region (2985-3800 cm-1), the COOH stretching 

region (1150-1850 cm-1), and the CD2 scissoring mode region (1070-1110 cm-1). IRRAS spectra 

are plotted as reflectance-absorbance (RA), 

 RA = − log
𝑅f

𝑅0
, (1) 
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where 𝑅f corresponds to the film reflectance and 𝑅0 corresponds to the reflectance of the bare 

aqueous solution. Hence, the signal from the interfacial film is captured, whereas the signal from 

the bulk aqueous phase is subtracted. When the film reflectance is greater than the solution 

reflectance (𝑅f 𝑅0⁄ > 1), the reflectance-absorbance values are negative. Conversely, if the 

reflected signal from the solution is greater than that of the film (𝑅f 𝑅0⁄ < 1), then the reflectance-

absorbance values are positive. To isolate the signal from alginate co-adsorption due to the 

presence of the d31-palmitic acid monolayer, alginate was also included in the aqueous solution 

spectrum (𝑅0). Yet, the contribution of alginate adsorbed to the air-water interface due to surface 

activity alone is small and below our spectroscopic limit of detection. 

Experimental evidence of cation-specific alginate co-adsorption mechanisms 

The OH stretching region provides sensitive detection of the aqueous solution reflectance, 

making the spectra useful for quantifying changes in interfacial coverage as a function of alginate 

co-adsorption. If there is no alginate co-adsorption, then the film spectrum with alginate in the 

solution directly overlaps the monolayer spectrum without alginate. As shown in Figs. 1a and 1c, 

the IRRAS OH-stretching modes are positive in sign, indicating that the OH region reflectance 

decreases upon spreading d31-palmitic acid onto the aqueous solution. The magnitude of the 

reflectance-absorbance signal intensity also increases with compression of the monolayer to higher 

surface pressure. Thus, increasing organic surface coverage decreases reflectance from the 

underlying aqueous solution. Consequently, alginate co-adsorption to d31-palmitic acid molecules 

increases surface coverage, and the OH stretching region reflectance-absorbance values increase 

with alginate co-adsorption to the film.  
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Fig. 1. IRRAS spectra of the OH stretching region and the corresponding relative changes in 

integrated peak area of the film indicate that CaCl2 induces significant alginate co-adsorption to 

the d31-palmitic acid monolayer. Data points and error bars are color-coded to indicate differences 

in solution composition. Surface pressure was held constant in the (a) tilted condensed (5 mN/m) 

and (c) untilted condensed (25 mN/m) phases throughout spectral acquisition. The relative changes 

in integrated peak area between the solutions with and without alginate are quantified in the (b) 

tilted condensed and (d) untilted condensed phases. Positive relative change indicates alginate co-

adsorption to the monolayer, and 0% relative change indicates no co-adsorption. 

 

Figs. 1a and 1c illustrate changes in the OH stretching region spectra caused by increasing 

organic surface coverage due to alginate co-adsorption. The spectrum of d31-palmitic acid spread 

onto an aqueous solution containing 50 ppm alginate, 0.47 M NaCl, and 10 mM CaCl2 is 

significantly enhanced relative to d31-palmitic acid spread onto the salt water solution. IRRAS 

signal corresponding to the NaCl and alginate solution is slightly greater relative to the NaCl 

solution alone, but the differences are much smaller in the absence of CaCl2. The IRRAS film 
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spectrum corresponding to alginate co-adsorption closely follows the shape of the monolayer 

spectrum on salt water solution, and the greatest OH stretching region signal enhancement occurs 

around ~3580 cm-1 which has been assigned to surface water molecules hydrogen bonded to a 

carboxylic acid group.94,105,106 Therefore, alginate co-adsorption enhances the signal around 

3580 cm-1 due to the alginate carboxylate hydration. 

 To better quantify organic surface coverage as a function of alginate co-adsorption, the 

MMA-corrected OH region was integrated between 2985 and 3800 cm-1. The relative change in 

the integrated peak areas between the spectra with and without alginate was calculated using the 

following formula: 

 Relative Change =  
(𝐴Alginate−𝐴SW)

𝐴SW
× 100%. (2) 

In this equation, 𝐴Alginate represents the integrated peak area of the spectrum with alginate in the 

solution, and 𝐴SW represents the integrated peak area of the spectrum containing only salt water 

(no alginate) in the solution. Alginate co-adsorption corresponds to a positive relative change in 

surface coverage, and no adsorption results in a 0% relative change. While the 0.47 M NaCl 

solution might induce some alginate co-adsorption to the TC monolayer, as shown by the small 

but positive relative change value in Fig. 1b, the value is not statistically significant given that the 

error (represented as one standard deviation from the mean) is larger than the average relative 

change value. Addition of 10 mM CaCl2 to the solution containing alginate induces a significant 

increase in the integrated peak area and consequently a 27% relative change in surface coverage. 

This increase suggests an alginate co-adsorption mechanism of divalent cationic bridging between 

alginate and d31-palmitic acid carboxylate moieties. 

 The differences between the TC and UC spectra and associated relative changes in surface 

coverage provide insights into the co-adsorption mechanism. The UC film spectrum corresponding 
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to the 50 ppm alginate and 0.47 M NaCl solution nearly overlaps with the UC monolayer spectrum 

corresponding to the 0.47 M NaCl solution (Figure 1c), suggesting little to no alginate co-

adsorption. The average relative difference in integrated peak area of the UC monolayer and film 

spectra is approximately 0% (Figure 1d), indicating a lack of alginate co-adsorption. Additionally, 

the slightly larger relative change in the TC spectrum surface coverage suggests that alginate 

expands the monolayer. It is possible that repulsive electrostatic interactions between the d31-

palmitic acid and alginate carboxylate moieties expand the monolayer, consequently increasing 

surface coverage in the TC phase. However, in the UC phase, increased dispersion interactions 

between the alkyl tails counteract the repulsive forces. This hypothesis is further supported by 

greater mean molecular area (MMA) expansion with alginate in the solution for the TC film 

relative to the UC film (see Table S1). Higher surface pressure increases alginate co-adsorption 

for the solution containing 10 mM CaCl2 to a 32% relative change in surface coverage, and film 

expansion in the presence of alginate is not significantly different between the TC and UC phases. 

Thus, alginate likely does not intercalate between the d31-palmitic acid molecules with CaCl2 in 

the solution, and the UC film possibly provides more ideally spaced sites for the Ca2+ bridges. 

Monolayer protonation impacts on alginate co-adsorption  

 Palmitic acid protonation state significantly impacts the extent of alginate co-adsorption. 

For the d31-palmitic acid monolayer at pH 5.8, there is a reduced degree of alginate co-adsorption 

to the film in comparison to the chemical system at pH 8.2. The d31-palmitic acid TC and UC 

spectra corresponding to the solution containing alginate have higher reflectance-absorbance 

values across the entire OH stretching region (Figs. 2a and 2c), indicative of alginate co-

adsorption. The relative changes in surface coverage presented in Figs. 2b and 2d quantify this 

observation, in which alginate co-adsorption at pH 5.8 results in a 14% and 9% increase in the 
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integrated peak area for the TC and UC phase spectra, respectively. At pH 8.2, alginate co-

adsorption results in a 27% and 32% integrated peak area increase for the TC and UC phase 

spectra, respectively. Therefore, increased d31-palmitic acid protonation decreases the extent of 

alginate co-adsorption. Unlike the interfacial film at pH 8.2, monolayer compression decreases the 

magnitude of alginate co-adsorption for the solution at pH 5.8. Alginate might be expanding the 

TC film similarly to the mechanism proposed for the solution containing only 0.47 M NaCl. 

 

 

Fig. 2. IRRAS spectra of the OH stretching region and the corresponding relative changes in 

integrated peak area of d31-palmitic acid (d31-PA) and d33-cetyl alcohol (d33-CA) monolayers show 

that headgroup protonation prevents alginate co-adsorption. Data points and error bars are color-

coded to indicate differences in monolayer and solution composition. Surface pressure was held 
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constant in the (a) tilted condensed (5 mN/m) and (c) untilted condensed (25 mN/m) phases 

throughout spectral acquisition. (Note that the light purple and dark brown data curves overlap in 

(c).) The relative changes in integrated peak area between the solutions with and without alginate 

are quantified in the (b) tilted condensed and (d) untilted condensed phases. Positive relative 

change indicates alginate co-adsorption to the monolayer, and 0% relative change indicates no co-

adsorption.  

 

A fully protonated d33-cetyl alcohol monolayer was examined as a control because it does 

not become partially deprotonated in the presence of salts at any of the pH values tested. Trends 

in the IRRAS spectra of d33-cetyl alcohol alone are less clear (Figs. 2a and 2c). In both monolayer 

phases, the alginate solution enhances IRRAS signal at ~3580 cm-1 and decreases the signal 

between ~3050 and 3440 cm-1 relative to the salt water solution. The region around 3050 cm-1 has 

been attributed to cyclic carboxylic acid dimers observed in polyacrylic acid solutions,106,107 and 

the region from ~3200 cm-1 to ~3400 cm-1 corresponds to a more ordered hydrogen bonding 

structure to a less-ordered water structure.105,108,109 Further analysis reveals no significant 

differences between the OH region integrated peak areas for the solutions with and without alginate 

in both the TC and UC phases, resulting in a 0% relative change in surface coverage (Figs. 2b and 

2d). It is likely that alginate perturbs the interfacial hydration structure but does not co-adsorb to 

the cetyl alcohol monolayer. Thus, a protonated monolayer blocks alginate co-adsorption, 

indicating the importance of electrostatic interactions in polysaccharide co-adsorption to an SSML 

proxy film. 

The carboxylic acid spectral region (1150-1850 cm-1) provides further insight into the d31-

palmitic acid protonation state and the extent of alginate co-adsorption. Harmonic vibrational 

frequency calculations were performed to predict the relative frequency shifts between the d31-

palmitic acid carboxylate and carboxylic acid modes and the alginate carboxylate modes (see ESI 

Section S3). Additionally, peaks were fitted to Gaussian functions to resolve the center 
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wavelengths and full width at half maximum (FWHM) values; the fitting procedure and summary 

of the Gaussian fits for each spectrum are summarized in ESI Section S4. Spectra of a d31-palmitic 

acid TC (Fig. 3a) and UC (Fig. 3c) monolayer exhibit four negative peaks corresponding to the 

lipid carboxylic acid moieties and one positive band at ~1660 cm-1 corresponding to the water 

bending mode (δ H-O-H). The protonated carboxylic acid moiety is characterized by the C-OH 

stretching mode (ν C-OH, ~1270 cm-1) and the C=O stretching mode (ν C=O, ~1720 cm-1). 

Deprotonation of the carboxylic acid leads to the appearance of the COO- symmetric (𝜈S COO-, 

~1410 cm-1) and asymmetric (𝜈AS COO-, ~1540 cm-1) stretching modes (negative bands). 
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Fig. 3. IRRAS spectra of the COOH stretching region provide direct evidence of alginate co-

adsorption via Ca2+ bridging interactions to the d31-palmitic acid monolayer at pH 8.2. Spectral 

lines are color-coded to indicate differences in solution composition. Surface pressure was held 

constant in the (a), (b) tilted condensed (5 mN/m) and (c), (d) untilted condensed (25 mN/m) 

phases throughout spectral acquisition. Spectra corresponding to the salt water solutions are shown 

in (a) and (c), and spectra corresponding to the salt water solutions containing 50 ppm alginate are 

shown in (b) and (d).  

 

As anticipated, d31-palmitic acid spread onto a 0.47 M NaCl solution at pH 8.2 is partially 

deprotonated, demonstrated by the presence of all four carboxylic acid and carboxylate stretching 

modes (Figs. 3a and 3c). Addition of 10 mM CaCl2 further deprotonates the headgroups, as shown 

by the increase in COO- stretching intensities and by the disappearance of the C=O stretching mode 

in both TC and UC phases (Tables S6 and S8). Decreasing the pH to 5.8 increases the extent of 

d31-palmitic acid protonation; the C-OH and C=O stretching modes are most intense at this pH 

(Table S10). However, the presence of the COO- stretching modes in the TC and UC phase spectra 

indicates that Ca2+ induces some deprotonation which has been shown previously.40,110–112 

Direct measurement of alginate co-adsorption to the d31-palmitic acid monolayer is 

observed in Figs. 3b and 3d. There is a large increase in the negative COO- stretching peak 

intensities and breadth for d31-palmitic acid spread onto the 0.47 M NaCl, 10 mM CaCl2, and 

50 ppm alginate solution at pH 8.2. The asymmetric and symmetric stretches appear to split into 

higher and lower frequency bands, so an additional Gaussian function was used to fit both peaks 

(Fig. S6). Vibrational frequency calculations predict a 47 cm-1 blue shift and a 20 cm-1 blue shift 

for the alginate asymmetric and symmetric COO- stretching modes, respectively, relative to the 

corresponding d31-palmitic acid modes (Tables S3 and S5). The theoretical predictions quite 

closely match the experimental ~55 cm-1 blue shift for the second 𝜈AS COO- peak and the ~37 cm-

1 blue shift for the second 𝜈S COO- peak (Table S9). Hence, the higher frequency COO- stretching 
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bands indicate alginate co-adsorption to the largely deprotonated monolayer in the presence of 

CaCl2. 

The carboxylate region also provides evidence for Ca2+ ionic bridges driving alginate co-

adsorption to the d31-palmitic acid monolayer. Alginate co-adsorption induces d31-palmitic acid 

deprotonation, as shown by increased COO- stretching intensities and decreased C-OH stretching 

intensity for the pH 8.2 solution containing 10 mM CaCl2 (Fig. 3). Similar peak broadening and 

intensity enhancement was observed for the phosphate headgroup vibrational modes of 1,2-

dipalmitoyl-sn-glycero-3-phosphatidic acid (DPPA) upon arginine and guanidinium binding.113  

Palmitic acid deprotonation likely facilitates the formation of energetically favorable ionic 

complexes between alginate, Ca2+, and palmitate. Furthermore, the 𝜈AS COO-, 𝜈S COO-, and 𝜈 C-

OH modes blue shift upon addition of alginate to the solution (Table S9). The 𝜈AS COO- mode 

blue shifts ~2.5 cm-1 in the TC phase but does not shift in the UC phase, the 𝜈S COO- mode blue 

shifts 7 cm-1 in the TC phase and ~6 cm-1 in the UC phase, and the 𝜈 C-OH mode blue shifts 

~13 cm- in the TC phase and ~15 cm-1 in the UC phase. It is possible that the alginate carboxylate 

interacting with the Ca2+ ion complexed to the d31-palmitate headgroup weakens ionic interactions 

between the monolayer carboxylate and the Ca2+ ion alone, thereby leading to an increased 

palmitic acid COO- force constant and blue shifts in the palmitate carboxylate vibrational modes. 

However, it is more likely that the alginate carboxylate moieties further dehydrate the d31-palmitate 

⋯ Ca2+ complex upon alginate co-adsorption. 

Spectra of d31-palmitic acid spread onto the 0.47 M NaCl solution at pH 8.2 and the 0.47 M 

NaCl and 10 mM CaCl2 solution at pH 5.8 do not exhibit any higher frequency COO- stretching 

peaks upon alginate addition to the solution, suggesting minimal to no alginate co-adsorption 

(Fig. 3). Secondly, the 𝜈AS COO-, 𝜈S COO-, and 𝜈 C-OH mode peak areas are insignificantly 
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different between the solutions with and without alginate, meaning that alginate co-adsorption to 

the monolayer is unlikely (Tables S6 and S7; Tables S10 and S11). Smaller blue shifts in the 

𝜈AS COO-, 𝜈S COO-, and 𝜈 C-OH modes are observed for the solutions containing 10 mM CaCl2 

and alginate at pH 5.8 as compared to the identical solution at pH 8.2 (Table S11). While these 

spectral shifts are not direct evidence of alginate co-adsorption to the monolayer, it is likely that 

alginate perturbs the d31-palmitic acid headgroup hydration structure via electrostatic interactions 

with the headgroups. The less numerous d31-palmitate headgroups may facilitate Ca2+ bridging 

interactions with alginate carboxylate moieties at various points across the monolayer, as also 

indicated by the small relative change in surface coverage (Figs. 2b and 2d). However, having 

fewer Ca2+ bridging sites hinders concerted alginate co-adsorption. For the d33-cetyl alcohol 

monolayer (Figure S13), there are no detectable peaks corresponding to alginate carboxylate 

modes, further supporting the lack of alginate co-adsorption to the fully protonated monolayer. 

Density and radial distribution profiles from MD simulations 

Additional atomistic insights into the proposed divalent cationic bridging mechanism were 

obtained through explicit solvent all-atom molecular dynamics simulations of a TC palmitic acid 

monolayer at varying pH in the presence and absence of Ca2+ in the aqueous phase. Fig. 4 gives 

the number density and radial distribution profiles of selected species in each of the simulation 

conditions containing alginate at pH 8.2. The relative locations of the palmitic acid headgroups in 

the number density profiles (Figs. 4a and 4b) are in agreement with previous studies,39,114 where 

the carboxylate headgroup of the palmitate sinks lower into the aqueous phase relative to the 

carboxylic acid. The peaks associated with the Ca2+ ion trace in Fig. 5a are indicative of selective 

calcium binding to the charged carboxylate headgroups. Similar coordination peaks associated 

with Na+ are found in the sodium-only system shown in Fig. 4b. 
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Fig. 4.  Number density profiles (a, b) and radial distribution functions (c-d) of selected species 

from molecular dynamics simulations at pH 8.2 with a 0.47 M NaCl subphase either in the presence 

(a) or absence (b) of Ca2+. In the number density profiles, the oxygen atom of the palmitate 

headgroup carboxylate (PAL-O) is used to represent the location of palmitate (light tan). The OH-

oxygen atom of the palmitic acid headgroup (PALP-O) is used to represent the location of palmitic 

acid (dark tan). Similarly, a carboxylate oxygen atom on each M monomer in alginate (Alginate-

O) is used to quantify the distribution of alginate (teal). The radial distribution functions of Ca2+, 

Na+ and the alginate carboxylate with respect to the palmitate carboxylate are given for the systems 

in the presence (c) and absence (d) of Ca2+ at pH 8.2 over a 0.47 M NaCl subphase. Error 

representing ±1 standard deviation are given by shaded regions above and below the average. 

 

To determine whether alginate molecules co-adsorb to the monolayer by a cationic 

bridging mechanism as indicated by experiments, we can evaluate the alginate carboxylate traces. 

At pH 8.2, the alginate trace exhibits a broader, flatter profile in the presence of Ca2+ and a sharper 

rise in alginate coordination that occurs closer to the palmitate headgroups. We can also investigate 

this behavior using the radial distribution function (RDF) in which the probability density of the 
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cation (Ca2+ or Na+) or functional group (alginate COO-) as a function of distance (r) from the 

palmitate headgroup is plotted (Figs 4c-d). There is a sharp cation peak as expected at just over 

2 Å in both systems. However, the alginate COO- group exhibits distinctly different behavior 

between the two systems. The sharp peak at 3 Å in the presence of Ca2+ suggests that calcium 

likely serves as a bridge between the two COO- moieties; conversely, in the absence of Ca2+, the 

alginate peak occurs over much larger distances from the palmitate, has significantly lower 

probability, and is much broader. Furthermore, the RDFs of the water atoms (Hw and Ow) with 

respect to the palmitate COO- are given in Fig. S14. The sharp Hw and Ow peaks at approximately 

2 and 3 Å, respectively, are associated with the water hydration shell around the palmitate COO- 

headgroup.114 With Ca2+ coordination, the COO- headgroups are significantly less hydrated in 

comparison to Na+-coordinated headgroups, where the solvation shell trace is much stronger. This 

observation agrees with the d31-palmitic acid 𝜈AS COO-, 𝜈S COO-, and 𝜈 C-OH vibrational mode 

blue shifts upon alginate co-adsorption, indicative of monolayer headgroup dehydration. Taken 

together, these results strongly suggest that Ca2+ enables the adsorption of alginate to the palmitic 

acid monolayer at pH 8.2 through a divalent cation bridge. 

In comparison, we also provide the number density profiles and RDFs for the monolayer 

systems at pH 5.8 in which the monolayer is fully protonated (Figs. 5a-d). The number density 

plots exhibit distinctly different profiles from their higher pH counterparts; with Ca2+ present, 

rather than adsorbing to the surface, there is clear aggregation of the alginate in solution that is 

consistent with the gelation of alginate.115–118 Without Ca2+, the alginate shows a broader, flatter 

profile, indicating even distribution of alginate throughout solution and very little adsorption to 

the interface. The RDFs, in contrast with the higher pH system, show that alginates peak at just 

over 2 Å, which indicate that alginate weakly interacts with the monolayer via hydrogen bonding 
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or dispersive forces between the alginate COO- and palmitic acid -OH. The small cation hump at 

the same radius can be attributed to contact-ion pairing at the double-bonded oxygen of the 

carboxylic acid.39 The subsequent increase in cation density after 4 Å may be attributed to either 

solvent-shared ion pairing between the cations and the first hydration shell of the headgroups, or, 

more likely, to contact-ion pairing between the cations and the alginate COO-. These results are 

consistent with the experimental findings presented above, which suggest that palmitic acid 

protonation hinders alginate co-adsorption. 

 

 

Fig. 5. Number density (a-b) and radial distribution functions (c-d) from molecular dynamics 

simulations at pH 5.8 in which the palmitic acid monolayer is fully protonated. Error representing 

±1 standard deviation are given by shaded regions above and below the average. 
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Impacts of alginate co-adsorption on palmitic acid interfacial structure 

To determine if alginate co-adsorption perturbs d31-palmitic acid interfacial organization, 

the CD2 scissoring mode was analyzed as a function of solution composition, pH, and surface 

pressure (Fig. 6). All conditions yield a CD2 scissoring mode center wavelength of 1089 cm-1 (see 

Table S16), indicative of hexagonal lattice packing structure.119 Furthermore, the absence of 

perturbations in the lattice packing structure, regardless of alginate presence in solution, indicates 

that alginate does not intercalate into the film. CD2 scissoring mode spectra corresponding to the 

salt water and alginate solutions directly overlap for the 0.47 M NaCl solution at pH 8.2 (Figs. 6a 

and 6d) and for the 0.47 M NaCl and 10 mM CaCl2 solution at pH 5.8 (Figs. 6c and 6f), further 

indicating no alginate co-adsorption. However, the CD2 scissoring mode reflectance-absorbance 

signal magnitude in the TC and UC phase is significantly enhanced for d31-palmitic acid spread 

onto the 0.47 M NaCl, 10 mM CaCl2, and 50 ppm alginate solutions at pH 8.2 (Figs. 6b and 6e). 

Signal enhancement is most apparent in the high frequency regime, and a smaller extent of signal 

enhancement occurs in the lower frequency region of the spectra. From the harmonic frequency 

analysis results (Tables S3 and S5), the signal enhancement can be attributed to alginate C-OH 

stretching and bending and CH stretching. The CD2 shoulder features overlap in frequency with 

the CD2 scissoring modes, and particularly intense alginate vibrational transitions occur ~10 cm-1 

lower than and ~20 cm-1 higher than the center frequency of the d31-palmitate CD2 scissoring 

mode. As a result, the signal enhancement surrounding the CD2 scissoring peak can be confidently 

attributed to alginate co-adsorption to the monolayer via Ca2+ bridging interactions. 
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Fig. 6. IRRAS spectra of the CD2 scissoring mode region demonstrate alginate co-adsorption to 

the d31-palmitic acid monolayer in the presence of 10 mM CaCl2 at pH 8.2, and the spectra indicate 

no changes in d31-palmitic acid lattice packing upon adsorption. Spectral lines are color-coded to 

indicate differences in solution composition. Surface pressure was held constant in the (a), (b), (c) 

tilted condensed (5 mN/m) and (d), (e), (f) untilted condensed (25 mN/m) phases throughout 

spectral acquisition.  

 

 The C-D stretching region provides further evidence for the lack of alginate intercalation 

into the palmitic acid monolayer. Regardless of alginate presence, the stretching mode center 

frequencies remain the same for the 0.47 M NaCl solution at pH 8.2 (Figs. S15a and S15d), the 

0.47 M NaCl and 10 mM CaCl2 solution at pH 8.2 (Figs. S15b and S15e), and the 0.47 M NaCl 

and 10 mM CaCl2 solution at pH 5.8 (Figs. S15c and Figs. S15f). Alginate intercalation would 

disrupt d31-palmitic acid packing within the monolayer, reducing intermolecular interactions 
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between the lipid tails and manifesting as a blue-shift in the C-D stretching modes. No such 

spectral shift is observed upon alginate co-adsorption, indicating that alginate is confined to the 

subsurface region. The peak intensities are also the same within experimental error; however, any 

quantitative analysis of the intensities is forgone due to known impacts of vibrational excitons on 

surfactant hydrocarbon peak intensities, particularly in the UC phase.120 

Molecular dynamics simulations were also used to investigate the impacts of alginate co-

adsorption to the interfacial organization of the monolayer. The number density plots show that, 

for all systems, the alginate trace goes to zero as the monolayer headgroup densities increase. Thus, 

there is little to no alginate intercalation into the monolayer; alginate remains largely in the 

subsurface region, which is in good agreement with the experimental observation that hexagonal 

packing structure of the palmitic acid chains is preserved upon alginate co-adsorption.  

 Local order parameters were extracted from molecular dynamics simulations (Fig. 7 and 

Fig. S16) to further understand the impacts of alginate adsorption on the dynamics and 

organization of the palmitic acid monolayer,. These order parameters are calculated by 

 𝑆𝐶𝐷 =
3×〈𝑐𝑜𝑠2𝜃〉−1

2
, (3) 

where 𝜃 is the angle between the vector normal to the surface and adjacent carbon atoms, Cn-1 and 

Cn+1. A high order parameter indicates high ordering among the alkyl chains with low motional 

anisotropy. Fig. S16 gives the order parameters for the palmitic acid and palmitate chains of the 

monolayers with and without alginate in the aqueous phase. With the exception of carbons 2 and 

15, which tend to have low order parameters due to their geometric positions at the top and bottom 

of the monolayer, the order parameters remain relatively constant at low pH, indicating similar 

levels of ordering across the alkyl chains and thus no significant perturbations due to alginate 

interaction. However, at high pH, the order parameters vary across the chain. Additionally, the 
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presence of alginate slightly decreases the order parameters, with the largest decrease seen in the 

absence of Ca2+. Finally, compared to the low pH systems in which the order parameters steadily 

decrease from C4 to C2, the relative orders between C2 and C3 are reversed at high pH with C2 

having a higher order parameter than C3. This reversal indicates that the headgroup carbons 

experience increased rotational rigidity at high pH. 

 

Fig 7. Local order parameters (a-b, d-e) and headgroup separation (c, f) for palmitic acid 

monolayers at pH 8.2 in the presence (a-c) and absence (d-f) of calcium. Order parameters are 

calculated based on protonation state for all systems with and without alginate. Figures b and e are 

specific to the C2-C4 carbon range in the presence and absence of calcium, respectively. 

 

To understand the physical basis of these structural differences, we recalculated order 

parameters based on residue protonation state (Fig. 7). In all systems at pH 8.2, the deprotonated 

palmitic acid shows higher ordering than the protonated form, and the addition of alginate 
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generally decreases ordering with the exception of C2 in both cases (Figs 7a and 7d). In the 

presence of Ca2+, alginate adsorption appears to increase ordering of the carboxylate groups but 

has no effect on the ordering of the protonated form (Fig 7b). In the absence of Ca2+, the addition 

of alginate similarly increases ordering of the palmitate carboxylate headgroups but decreases 

ordering of the acid (Fig 7e). 

To understand the differences in ordering based on headgroup protonation, we plotted the 

variations in headgroup position within the monolayer. Recalling that the palmitate headgroup 

tends to sink further into the aqueous phase in comparison to the palmitic acid, in Figs. 7c and 7f 

we provide distributions of the height differences between carboxylate and carboxylic acid 

headgroups. The carboxylates are drawn into the aqueous phase, where they experience stabilizing 

ion-pairing with the cations, but the magnitude of the separation varies based on cation type. In 

the presence of Ca2+, the headgroup separation decreases by nearly 1 Å to 2.8 Å, down from 3.8 Å 

without Ca2+. The smaller difference in headgroup positions can be attributed to calcium-induced 

monolayer compression; Ca2+ binds neighboring carboxylate headgroups, thereby effectively 

shielding repulsive negative charges and bringing the headgroups closer together. Monovalent 

sodium does not participate in the ionic bridging and does less to screen the charges. Furthermore, 

whether alginate impacts the headgroup separation depends on the dominant adsorption or 

interaction mechanism. Because alginate adsorbs to the monolayer via calcium ion bridging, 

adsorption does not impact headgroup separation. However, without Ca2+ present, it is possible 

that the alginate COO- slightly destabilizes the palmitate headgroups through repulsive interactions 

that are less mediated by Na+, expanding the monolayer and allowing more space for the 

headgroups to align. Indeed, monolayer expansion is observed experimentally with increased 

MMA upon alginate adsorption (Table S1). 
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The differences in headgroup position between the protonated and deprotonated forms can 

explain the trends associated with the overall increase in ordering at the C2 carbon that are not 

seen in low pH systems. With the carboxylic acid headgroup more embedded into the monolayer, 

the rotational motion of that headgroup is significantly restricted, thus increasing the order 

parameter. Conversely, the carboxylate headgroups exposed to the aqueous phase experience a 

wider range of motion, and their order parameter decreases. In the case of alginate binding in the 

presence of Ca2+, alginate has no impact on the carboxylic acids that are more deeply situated in 

the monolayer, but increases order associated with the carboxylates via the formation of calcium 

ion bridges that increase monolayer rigidity and decrease headgroup motion. In the case of alginate 

interacting with the monolayer without calcium bridges, we see a similar increase in order 

associated with the carboxylates and a decrease in order associated with the carboxylic acids. The 

mechanism for this behavior, although similar to that in calcium, is more likely explained by the 

decrease in headgroup separation associated with alginate interaction; the exposure of palmitic 

acid headgroups to the aqueous phase decreases order of the protonated form while at the same 

time increasing order of the carboxylate.  

Magnesium bridging 

With complementary insights gained into the divalent cationic bridging mechanism from 

both theory and experiment, the same alginate co-adsorption experiments were performed with 

MgCl2, the most abundant divalent cation in seawater (~53 mM).92,93 Mg2+ has such a strong 

hydration shell that the fully hydrated Mg2+ only weakly interacts with the alginate and palmitic 

acid carboxylate moieties.67–70,105,112 Both 10 mM and 53 mM MgCl2 solutions increase IRRAS 

reflectance-absorbance for the alginate-containing spectra at ~3580 cm-1, and the magnitude of the 

signal increase is similar (Figs. 8a and 8c). Calculation of the relative change reveals that the higher 
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MgCl2 concentration causes a marginal increase in alginate co-adsorbed to the d31-palmitic acid 

monolayer (Figs. 8b and 8d). With increasing MgCl2 concentration, the relative change in 

integrated peak area increases from 8% to 10% and from 3% to 9% in the TC and UC phases, 

respectively. The reduction in OH region relative change with film compression (TC to UC phase) 

further suggests weak binding. Mg2+ is not as efficient in shielding the palmitic acid carboxylate 

moieties from negatively charged alginate carboxylate moieties, yielding monolayer expansion 

and increased surface coverage in the TC phase. Film compression to the UC phase reduces the 

extent of available space for monolayer expansion, and increased dispersion forces between the 

lipid tails counterbalance the repulsive electrostatic interactions. Despite Mg2+ being ~5 times 

more abundant than Ca2+ in seawater, alginate co-adsorption mediated by Mg2+ is ~3 times weaker 

in comparison to Ca2+ when comparing seawater relative concentrations of 10 mM Ca2+ and 

53 mM Mg2+. At 10 mM concentrations for both cations, Ca2+ outperforms Mg2+ by a factor of ~3 

in the TC phase and by a factor of ~10 in the UC phase (Figs. 1 and 8). 
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Fig. 8. IRRAS spectra of the OH stretching region and the corresponding relative changes in 

integrated peak area indicate that Mg2+ induces weak alginate co-adsorption to the d31-palmitic 

acid monolayer. Data points and error bars are color-coded to indicate differences in solution 

composition. Surface pressure was held constant in the (a) tilted condensed (5 mN/m) and (c) 

untilted condensed (25 mN/m) phases throughout spectral acquisition. The relative changes in 

integrated peak area between the solutions with and without alginate are quantified in the (b) tilted 

condensed and (d) untilted condensed phases. Positive relative change indicates alginate co-

adsorption to the monolayer, and 0% relative change indicates no co-adsorption.  

 

 The carboxylate region provides additional support for this weak Mg2+ bridging co-

adsorption mechanism (Fig. S17). For d31-palmitic acid spread onto the solution containing 10 mM 

MgCl2, the 𝜈S COO- mode is blue-shifted by 1 cm-1 in the TC phase and ~2.5 cm-1 in the UC phase, 

and the 𝜈AS COO- mode is red-shifted by 1 cm-1 in the TC phase and ~3 cm-1 in the UC phase 
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(Tables S8 and S9). These small spectral shifts suggest that the d31-palmitate carboxylate 

headgroup becomes dehydrated with the addition of alginate to the solution,99 perhaps via 

complexation of Mg2+ to the d31-palmitate carboxylate moiety. The integrated carboxylate peak 

areas do not change significantly between the salt water solution and alginate solution (Tables S12 

and S13), suggesting no alginate co-adsorption.  

Increasing the solution MgCl2 concentration to 53 mM leads to some features of alginate 

co-adsorption to the monolayer (Fig. S17). The d31-palmitic acid 𝜈AS COO-, 𝜈S COO-, and 𝜈 C-

OH modes blue shift upon alginate addition to the solution (Tables S14 and S15), similarly to the 

spectra corresponding to the solutions containing 10 mM CaCl2. The 𝜈AS COO- blue shifts 

~0.5 cm-1 in the TC phase and ~3 cm-1 in the UC phase, the 𝜈S COO- blue shifts ~4 cm-1 in the TC 

phase and ~5 cm-1 in the UC phase, and the 𝜈 C-OH blue shifts ~9 cm-1 in the TC phase and 

~12 cm-1 in the UC phase. The blue shifts are smaller than those observed with the 10 mM CaCl2 

solution at pH 8.2, either an indication of fewer Mg2+ bridging interactions or weaker bridging 

interactions. Secondly, the 𝜈 C-OH peak area decreases while the 𝜈AS COO- and 𝜈S COO- peak 

areas increase with alginate present in the solution, further supporting the hypothesis of alginate 

co-adsorption. 

The CD2 scissoring modes of d31-palmitic acid spread onto the MgCl2 solutions corroborate 

the findings from the OH stretching and COOH stretching regions. At 10 mM MgCl2, the salt 

water and alginate spectra nearly overlap (Figs. S18a and S18c). There is a small increase in peak 

intensity of the TC spectrum corresponding to the alginate solution that could be attributed to 

alginate weakly co-adsorbed to the TC monolayer. Then the alginate is squeezed out upon film 

compression, causing the peak intensity difference to disappear in the UC phase. The solution 

containing 53 mM MgCl2 and alginate induces increased peak intensities in the d31-palmitic acid 
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CD2 scissoring mode and the higher frequency regime relative to the spectra corresponding to the 

salt water solution (Figs. S18b and S18d). The signal enhancement is smaller in comparison to the 

system containing 10 mM CaCl2 and alginate at pH 8.2, but the spectral trends match. Hence, the 

higher concentration of MgCl2 facilitates some alginate co-adsorption to the monolayer through 

Mg2+ bridging interactions. 

Both the CD2 scissoring modes (Fig. S18) and the C-D stretching modes (Fig. S19) of d31-

palmitic acid spread onto the MgCl2 solutions demonstrate that alginate does not intercalate into 

the monolayer. The center wavelengths of the CD2 scissoring modes (Table S16) remain centered 

at 1089 cm-1, indicating that alginate presence in the aqueous solution does not disrupt the 

hexagonal lattice packing of the monolayer.119 The C-D stretching mode center wavelengths do 

not change between the salt water and alginate solutions as well, showing that the lipid film 

structure remains the same. Thus, alginate co-adsorption is confined to the region below the 

palmitic acid headgroups. 

 

Conclusions 

 We directly observe alginate co-adsorption to an insoluble d31-palmitic acid monolayer via 

divalent cationic bridging interactions using surface-sensitive infrared reflection-absorption 

spectroscopy (IRRAS) and molecular dynamics simulations. Fig. 9 summarizes the alginate co-

adsorption mechanism. Ca2+ facilitates the greatest extent of alginate co-adsorption, as shown by 

the appearance of alginate vibrational modes in the IRRAS spectra and by the ~27% and ~32% 

increase in surface coverage in the tilted condensed (TC, 5 mN/m) and untilted condensed (UC, 

25 mN/m) monolayer phases, respectively. Alginate co-adsorption is dependent upon d31-palmitic 

acid protonation state, however; d31-palmitate promotes alginate co-adsorption in the presence of 
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divalent cations, whereas protonation inhibits co-adsorption. Na+ cations alone are insufficient in 

facilitating co-adsorption. Mg2+ induces ~3 times weaker alginate co-adsorption at a seawater 

concentration of 53 mM in comparison to 10 mM Ca2+, and Mg2+ induces minimal co-adsorption 

when matching the Ca2+ seawater concentration (10 mM). The hydration free energy of Mg2+ is 

much higher than that of Ca2+, meaning that Mg2+ cannot shed its hydration shell as readily to 

facilitate bridging interactions between the d31-palmitate and alginate carboxylate moieties. The 

presence of alginate perturbs the hydration structure and dehydrates the d31-palmitic acid 

carboxylic acid headgroups, but alginate co-adsorption does not change the d31-palmitic acid lattice 

packing structure. Because alginate co-adsorption is largely confined to the subsurface region of 

the film, surface pressure plays a minimal role in the extent of alginate co-adsorption. 

 

 

Fig. 9. A graphical summary of the alginate co-adsorption mechanism to a palmitic acid 

monolayer. Na+ cations alone do not facilitate alginate co-adsorption. Alginate is co-adsorbed via 

a divalent cationic bridging interaction in which either Ca2+ or Mg2+ links the carboxylate moieties 

of alginate and palmitic acid. Ca2+ facilitates significant alginate co-adsorption, whereas alginate 

is weakly co-adsorbed in the presence of Mg2+. 
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 Our detailed experimental and computational characterization of the divalent cationic 

bridging interactions driving alginate co-adsorption to a sea surface microlayer (SSML) proxy film 

provides important physical and chemical insights into the potential mechanisms responsible for 

polysaccharide enrichment in sea spray aerosol (SSA). Ca2+ drives this bridging motif between the 

alginate and palmitic acid carboxylate moieties and outcompetes Mg2+ despite higher Mg2+ 

concentrations in seawater. Our findings corroborate the recent work of Cravigan et al. in which 

the authors measure Ca2+ enrichment in marine aerosol along with a large proportion of hydroxyl 

functional groups and low alkane-to-hydroxyl ratios, suggesting polysaccharide enrichment in 

SSA via Ca2+ bridging.33 Quantifying polysaccharide co-adsorption to an interfacial film with 

IRRAS could provide useful empirical parameters to improve the representation of 

polysaccharides in marine aerosol climate models, and additional model systems comprised of 

polysaccharides with varying structure and functional groups need to be studied. We demonstrate 

that soluble polysaccharides interact electrostatically with other surface-active organic matter 

through seawater ionic bridging interactions, which can lead to polysaccharide surface enrichment 

in the SSML, and therefore, in SSA. 
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