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Abstract: Palmitic acid (PA) has been found to be a major constituent in marine aerosols, 
and is commonly used to investigate organic containing atmospheric aerosols, and is 
therefore used here as a proxy system. Surface pressure-area isotherms ( -A), Brewster 
angle microscopy (BAM), and vibrational sum frequency generation (VSFG) were used to 
observe a PA monolayer during film compression on subphases of ultrapure water, CaCl2 
and MgCl2 aqueous solutions, and artificial seawater (ASW). -A isotherms indicate that 
salt subphases alter the phase behavior of PA, and BAM further reveals that a condensation 
of the monolayer occurs when compared to pure water. VSFG spectra and BAM images 
show that Mg2+ and Ca2+ induce ordering of the PA acyl chains, and it was determined that 
the interaction of Mg2+ with the monolayer is weaker than Ca2+. -A isotherms and BAM 
were also used to monitor mixed monolayers of PA and cerebroside, a simple glycolipid. 
Results reveal that PA also has a condensing effect on the cerebroside monolayer. 
Thermodynamic analysis indicates that attractive interactions between the two components 
exist; this may be due to hydrogen bonding of the galactose and carbonyl headgroups. 
BAM images of the collapse structures show that mixed monolayers of PA and cerebroside 
are miscible at all surface pressures. These results suggest that the surface morphology of 
organic-coated aerosols is influenced by the chemical composition of the aqueous core and 
the organic film itself. 
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1. Introduction 

Marine aerosols are ubiquitous in the troposphere and are known to play an important role in 
regulation of the Earth�’s climate [1]. Marine aerosols can be derived from both primary and secondary 
sources. Formation of primary marine aerosols results from sea spray [2]. Sea salts and organic 
compounds are the main components of these aerosols, with organics being the more abundant 
constituent [3,4]. The concentration of organic components in aerosols depend upon the seasonality of 
biological productivity from ocean waters and results in particulates with markedly different physical 
and chemical properties, such as differing size distribution and light scattering coefficients [5,6]. 
Chemical composition plays an important role in determining the morphological [7,8], optical [9,10], 
and chemical properties [11,12] of the aerosols. For instance, chemical composition affects the 
aerosol�’s ability to act as a cloud condensation nuclei [13,14], or its efficiency at scattering light [15]. 

The organic composition of aerosols has been shown to be highly variable [16], but several 
different chemical species including alkanes [17,18], alcohols [19], polycyclic aromatic hydrocarbons 
(PAHs) [20], sterols [21], free fatty acids (FFAs) [22�–24], and carbohydrates [25] have been detected. 
Of these species FFAs are commonly identified. The chain length of these molecules is typically 
between 12 and 18 carbons, with palmitic acid (PA), a saturated 16 carbon chain, being the most 
abundant. Unsaturated FAs are also common, as studies have shown that oleic acid (18:1) is a major 
constituent of marine aerosols. Field studies have further revealed that these molecules partition to the 
air-water interface, forming an organic coating [26,27]. Aqueous aerosols with an organic coating have 
been proposed to have an inverted micelle structure, in which the aqueous core is encased by a layer of 
insoluble organic lipids [2,28,29]. As the organic coating acts as a barrier between the aerosol and its 
environment, its chemical composition is ultimately responsible for the physical and chemical 
properties of the aerosol. For example, surface morphology of an aerosol is dependent upon the nature 
of the organic film, as soluble and insoluble surfactants form expanded and close-packed films, 
respectively [29,30]. Packing of the surface film affects uptake and evaporation of the water, which 
can then alter other properties of the aerosol [10,12]. The outer film of an aerosol, however, is not 
limited to one component and contains a complex mixture of organics. Therefore it is likely that the 
morphology of the surface film is dependent upon the chemical composition of the organic film. 
However, the chemical composition of the aqueous core of the inverted micelle aerosol will also play 
an important role. 

Several studies have shown that the replacement of a pure water subphase with inorganic salt 
solutions causes alterations in the phase behavior of the monolayer, especially for FAs and 
phospholipids [31�–37]. The effect of Ca2+ has been widely investigated due to its relevance in 
biological membranes [38�–41]. Imaging techniques such as Brewster angle microscopy (BAM) and 
fluorescence microscopy have shown that introduction of salts into the aqueous subphase results in 
different surface morphologies compared to pure water subphases [42,43]. Furthermore, spectroscopic 
studies indicate that ions slightly influence the orientation of alkyl chains, but more so the hydration 
and dehydration of polar headgroups [40,41]. These properties of marine aerosols may be affected by 
the chemical composition pertaining to ions in the aqueous core. 

It is well known that many of the organics found in marine aerosols derive from biogenic  
sources [44], in which hydrophobic cellular components rise to the ocean surface upon marine 
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organism death and decomposition, and are then transferred to aerosol droplets during sea spray 
production. Cerebrosides, a type of glycosphingolipid, are a typical component of membranes in 
marine organisms [45], but, to our knowledge, have yet to be detected on the ocean surface microlayer 
or in marine aerosols. However, recent studies have revealed that lipopolysaccharides are found within 
the ocean surface microlayer [46] and in atmospheric aerosols, where the majority of organic content 
in aerosol particles is composed of polysaccharides or sugar-like lipids (glycolipids) [25,47,48], and 
that these species are more abundant in the water insoluble fraction [49]. Cerebrosides are the simplest 
water insoluble lipids with a saccharide group. These molecules are especially important in E. huxleyi, 
a type of coccolithophore, that forms abundant algal blooms [50]. In recent years, large numbers of 
these algal blooms have deceased prematurely. It was determined that the virus EhV-86 in conjunction 
with its host, E. huxleyi, produce a cerebroside whose introduction causes cell apoptosis [51,52]. While 
it is not known if cerebrosides become incorporated into marine aerosols, these molecules can serve as 
a proxy for more complex glycolipids. Investigation of cerebrosides at an aqueous surface may provide 
information in understanding how glycosylated lipids affect aerosol properties. 

In this study Langmuir films are used as a laboratory model for atmospheric aerosols. Due to the 
complex composition of aerosols, salt subphases and mixed films better represent an organic-coated 
aerosol. Mg2+, Ca2+, and Cl  ions are abundant in natural seawater [53,54], and are used as a 
simplified version of seawater. Artificial seawater (ASW) was also employed to better mimic the 
complex nature of ocean water. Lipid molecules chosen for this study were based on their atmospheric 
relevance. PA is one of the most abundant long chain FAs in marine aerosols, and cerebrosides 
represent a simple glycosphingolipid. Films of PA, cerebrosides, and mixtures are studied using a 
Langmuir trough in conjunction with BAM. Further investigation of PA films on various subphases is 
done using VSFG spectroscopy. 

2. Experimental Section 

2.1. Materials 

All solvents and lipid reagents were used without further purification. PA with a purity of 99% was 
obtained from Sigma-Aldrich and then dissolved in chloroform (HPLC grade, Fisher Scientific). 
Porcine galactocerebrosides were purchased from Avanti Polar Lipids and are composed of a mixture 
of non-hydroxylated FA (NFA) and hydroxylated FA (HFA) acyl chains (Figure 1). NFA chains were 
more abundant, making up approximately 58% of total cerebrosides and were composed of palmitoyl 
(16:0), stearoyl (18:0), arachidoyl (20:0), behenoyl (22:0), lignoceroyl (24:0) and nervonoyl (24:1) 
chains. Numbers in parenthesis represent the FA carbon chain length and the degree of unsaturation in 
the chain. The specific composition of the HFA chains was not provided. Solutions of cerebrosides 
were prepared by dissolution in a 1:1 (v/v) mixture of chloroform and methanol (HPLC grade, Fisher 
Scientific). ACS certified grade CaCl2 and MgCl2 salts with purities >99% were purchased from Fisher 
Scientific. Synthetic sea salt (Instant Ocean®) was purchased commercially. Chemical composition and 
ion concentration in the synthetic sea salt can be found in Table 1. Stock solutions of aqueous salts 
were prepared by dissolution in ultrapure water with a resistivity of 18.0 M  cm (Barnstead Nanopure 
filtration system, model D4741, Thermolyne Corporation, Dubuque, IA, USA) and a measured pH  
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of 5.6. CaCl2 and MgCl2 salt solutions were filtered twice using activated carbon filters (Whatman 
Carbon-Cap 75, Fisher Scientific, Pittsburgh, PA, USA) to remove any organic contaminants. The 
concentration of these solutions was then standardized by the Mohr titration technique [55], and serial 
dilution was used to prepare 0.1 and 0.3 M solutions. The pH of the diluted CaCl2 and MgCl2 solutions 
were 5.1 and 5.4, respectively. The ASW solution was prepared to a concentration of 0.6 M and had a 
measured pH of 8.2, a value representative of the ocean. Lipid monolayers were either prepared on 
ultrapure water or on aqueous solutions of CaCl2, MgCl2, or ASW. All experiments were performed at 
room temperature (22 ± 1 °C) and atmospheric pressure. 

Figure 1. Molecular structures of non-hydroxylated fatty acid (NFA) galactocerebroside, 
hydroxylated fatty acid (HFA) galactocerebroside, and palmitic acid.  

 
2.2. Methods 

2.2.1. Langmuir Film Balance 

Surface pressure-area ( -A) isotherms were obtained using a KSV Teflon Minitrough (KSV 
Instruments, Espoo, Finland) with dimensions of 168 mm × 85 mm. Symmetric compression of the 
monolayer is completed using two barriers made of Delrin, a hydrophilic material. Surface pressure 
and mean molecular area (MMA) were monitored during compression by the Wilhelmy plate method. 
Filter paper (Ashless grade, Whatman, Pittsburgh, PA, USA) served as the Wilhelmy plate. Prior to 
each experiment the trough was thoroughly cleaned with ethanol and rinsed several times with 
ultrapure water. The trough was then filled with ultrapure water or an aqueous salt solution. To check 
for impurities the aqueous surface was swept with the barriers to ensure no significant rise in surface 
pressure ( 0.2 mN/m) was observed during compression. Stock solutions of PA and cerebrosides were 
prepared to a concentration of 1 mM. PA/cerebrosides mixtures were prepared by mixing desired 
amounts of stock solutions. Four molar ratios of PA to cerebrosides were used, 1:4, 2:3, 3:2, and 4:1.  
A measured volume of PA, cerebrosides or mixtures was spread dropwise on the subphase using a 
microsyringe (Hamilton) and 10 min was allowed for solvent evaporation. The barriers were then 
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compressed at a constant rate of 5 mm/min/barrier. Error bars of one standard deviation were within 
the experimental lines shown for collected isotherms. 

Table 1. Chemical composition and ion concentration in Instant Ocean® synthetic sea salt. 

Ion Concentration (g ion/kg Water) Concentration (mol/L) 
Na+ 10.780 0.4521 
K+ 0.420 0.0104 

Mg2+ 1.320 0.0530 
Ca2+ 0.400 0.0096 
Sr2+ 0.0088 9.64 × 10 5 
Cl  19.290 0.5315 

SO4
2  2.660 0.0267 

HCO3  0.200 0.0032 
Br  0.056 6.75 × 10 4 
F  0.001 5.11 × 10 5 

2.2.2. Brewster Angle Microscopy 

BAM images of the monolayers were collected simultaneously with -A isotherms using a  
custom-built BAM similar to one previously described [40,56]. The laser source (Research  
Electro-Optics) emits 5 mW p-polarized light at 543 nm. The incident beam is first attenuated by a 
half-wave plate and then filtered by a Glan-Thompson polarizer before reaching the aqueous surface at 
the Brewster angle (~53°). The reflected beam is collected by an infinity-corrected Nikon 10° objective 
lens and is then focused by a tube lens. A back-illuminated electron multiplying CCD camera (Andor, 
model DV887-BV, 512 × 512 pixels) was used to record BAM images. The inclined position of the 
imaging optics results in images focused along a central narrow stripe. Final images taken were 
cropped from a 800 µm  × 800 µm size to show the most resolved regions, which was typically the 
center of the image where the beam was the most intense. In the BAM images shown here the darkest 
(black or dark blue) regions represent areas with negligible surfactant coverage, bright regions (light 
blue) correspond to areas of condensed films, and very bright areas (white) represent the formation of 
3-D aggregates. 

2.2.3. Vibrational Sum Frequency Generation Spectroscopy 

Spectra were collected on a broad bandwidth vibrational sum frequency generation (VSFG) setup 
that has been described elsewhere [36,40,41,57,58]. Briefly, a Ti:sapphire oscillator (Spectra Physics, 
Tsunami) with a sub-50 fs pulse width and a wavelength centered at 785 nm seeds two 1 kHz 
regenerative amplifiers (Spectra Physics, Spitfire, femtosecond and picosecond versions). The 
amplifiers are pumped by a solid-state Nd:YLF laser (Spectra Physics, Evolution 30) at 527 nm. Laser 
beams produced from the two amplifiers are centered at 785 nm, have pulse durations of 85 fs and  
2 ps, and bandwidths of 22 nm and 17 cm 1, respectively. Parametric waves (signal and idler) are 
generated with a BBO crystal by sending the amplified femtosecond laser pulses to an optical 
parametric amplifier (Light Conversion, TOPAS-800). An infrared beam is then created via a AgGaS2 
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crystal by non-collinear overlap of the signal and idler in a non-collinear difference-frequency 
generation system (Light Conversion, NDFG coupled to TOPAS). 

The visible beams and infrared are incident at incident angles of 53° and 70°, respectively, and are 
overlapped spatially and temporally at the sample stage to generate SFG signal. Measured energies of 
the infrared and visible beams at the sample are 14 and 300 µJ, respectively. The generated VSFG 
signal is detected in the reflection direction. A monochromator (Acton Research, SpectraPro SP-500 
with 1,200 g/mm grating blazed at 750 nm) disperses the SFG signal before being detected by a  
liquid nitrogen-cooled back-illuminated CCD camera (Roper Scientific, LN400EB with 1,340 × 400 
pixels array). The ssp (s-SFG, s-visible, p-infrared) polarization combination was utilized in these 
experiments. The collected VSFG spectra are first corrected by subtraction of the background and are 
then normalized against the broadband infrared beam energy profile using a nonresonant VSFG 
spectrum generated from a GaAs crystal (Lambda Precision Optics). Spectral distortion resulting from 
the infrared beam energy distribution in the region of interest is eliminated during the normalization 
process. Spectral fitting was done with custom-built routines (IgorPro4.3) in which Lorentzian 
lineshapes with global constraints are employed. Polystyrene absorption bands obtained from a 
nonresonant GaAs spectrum were compared to reference FTIR spectra to spectrally calibrate the VSFG 
peaks positions. VSFG peaks reported here are accurate to 1 cm 1 [40]. 

3. Results and Discussion 

3.1. Effect of Subphase Composition on Surface Morphology of Palmitic Acid 

3.1.1. Surface Pressure-Area Isotherms 

The phase behavior of Langmuir monolayers are described by -A isotherms [59]. The isotherm  
of a PA monolayer is shown in Figure 2. Results reported here are consistent with previous  
studies [8,60,61]. The regions in the isotherm have previously been attributed to the gas-tilted 
condensed (G-TC) coexistence region, tilted condensed (TC), untilted condensed (UC), and collapse 
phases [36,62]. The G-TC to TC transition (evidenced by BAM) occurs at 26 Å2/molecule. A kink at 
25 mN/m indicates a molecular reorganization and has previously been attributed to a second-order 
transition from the TC phase to the UC phase [63]. Collapse of the monolayer occurs at 40 mN/m. 

Figure 2. -A isotherm of palmitic acid (PA) monolayer on water. Inset shows isotherms 
of PA on various salt subphases relative to the isotherm on water. 
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Isotherms obtained here for PA monolayers on MgCl2 and CaCl2 subphases are consistent with 
results obtained by Tang et al. [40]. The inset of Figure 2 shows -A isotherms of PA on various salt 
subphases relative to that of pure water. Negative or positive values on the x-axis indicate that the 
molecules on the salt subphase occupied a smaller or a greater MMA than when on pure water. As can 
be seen from the plot, the MgCl2 and CaCl2 caused the PA monolayer to condense at low surface 
pressures (TC phase), but at higher surface pressure the monolayer was expanded (UC phase). ASW, 
however, caused the molecules to occupy a larger molecular area throughout the whole compression. 

3.1.2. BAM Images 

BAM images of a PA monolayer on water are given in Figure 3. At large MMAs (G-TC phase)  
small circular domains are observed that are consistent with previous reports [8,42,64,65]. As the 
monolayer is further compressed these domains begin to fuse together to form a fully condensed 
monolayer (TC phase). Further compression results in the formation of white aggregates at the surface. 
These aggregates begin to form at surface pressures as low as 17 mN/m and are visible in both the TC 
and UC phases. These aggregates grow in number and size until monolayer collapse. 

The effect of the MgCl2 subphase on the PA surface morphology can be observed in Figure 3. It has 
been previously shown that MgCl2 salt solution alters the phase behavior of PA compared to a pure 
water subphase. To clarify how BAM images correspond to the -A isotherms, images shown in the  
G-TC phase were recorded at a surface pressure of 0 mN/m, in the TC phase between 1 and 6 mN/m, 
and in the UC phase at surface pressures greater than 25 mN/m. The images show that the surface 
morphology of the PA monolayer on MgCl2 has changed compared to pure water. While domains in 
the gas phase have boundaries with circular characteristics, similar to PA on water, it appears that the 
monolayer has condensed as large domains are now visible. Furthermore, as the concentration is 
increased to 0.3 M MgCl2, the monolayer appears to be even more condensed because circular 
domains are no longer observed. At higher surface pressures smaller or a complete lack of white 
aggregates is observed, indicating that the monolayer is more stable in the presence of Mg2+ ions than 
with pure water. 

CaCl2 has a larger effect on the PA monolayer surface morphology than MgCl2 (Figure 3). 
Concentration changes of CaCl2 have little effect on the surface morphology as the monolayer displays 
similar surface morphology in all phases for 0.1 M and 0.3 M solutions. At 0.1 M, in the G-LC phase, 
Ca2+ has a greater ability to condense, and hence to order the monolayer than Mg2+. These results are 
consistent with those reported by Tang et al., which indicated that the Ca2+ binds more strongly to the 
PA carboxylic headgroup than Mg2+ [40]. 

Also shown in Figure 3 are BAM images of a PA monolayer on an ASW subphase. In the G-TC 
region the monolayer has condensed and large voids with irregular boundaries are occasionally 
observed. A similar surface morphology is observed in the TC region, while in the UC region the 
monolayer fully condenses and has uniform brightness. In addition, small white aggregates are 
observed in all phases measured. 
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Figure 3. Brewster angle microscopy (BAM) images in various phases and vibrational sum 
frequency generation (VSFG) spectra in the CH region (2,800�–3,100 cm 1) of PA monolayer 
on water, MgCl2, CaCl2, and ASW subphases. VSFG spectra adapted from [40].  

 



Atmosphere 2013, 4 323 
 

 

Comparison of the BAM images on CaCl2, MgCl2, and ASW subphases reveals that all three salt 
solutions have a condensing effect on PA monolayers. Visually, it appears that ASW has the most 
pronounced condensing effect. The concentration of Ca2+ and Mg2+ ions in ASW is significantly less 
than in the 0.1 M solutions (4 g/kg and 2.4 g/kg, respectively). In ASW due to the high concentration 
of Na+ vs. Mg2+ and Ca2+, it likely that Na+ contributes substantially to the observed condensing effect. 
A review of the literature found that no BAM images for a PA monolayer on concentrated NaCl 
solution have been reported; therefore a comparison of ASW and NaCl solutions could not be made. 
VSFG studies, however, suggest that NaCl causes condensation of the PA monolayer, similar to the 
trend observed here for divalent cations and ASW [36]. 

Although the pH of the ASW is significantly greater than those of CaCl2 and MgCl2 solutions  
(8.2 vs. 5.1 and 5.4), the difference in pH likely contributes little to the observed condensing effect for 
ASW. The pKa of the PA carboxylic headgroup at the surface is approximately 8.7, which varies from 
the bulk value of 4.5. Accordingly, at pH 5 the monolayer should be fully protonated, while at pH 8.2 
the monolayer will have an equal distribution of protonated and deprotonated species. Previous studies, 
however, indicate that at a pH of 5.5 both monovalent (Na+ and K+) and divalent (Mg2+ and Ca2+) 
cations deprotonate the carboxylic headgroup of PA [36,40]. In contrast, other studies have shown that 
monovalent ions (Na+) do not interact with the fatty acid monolayer unless the subphase pH is 
relatively high (>9) [66]. In the aforementioned studies, the concentrations of Na+ ions in the subphase 
differed by a factor of 10. The discrepancy between these two studies suggests that deprotonation of 
the headgroup by monovalent ions is dependent upon the availability of ions in the subphase. In the 
study presented here the concentration of Na+ ions in ASW is significantly higher than previous studies 
(0.4 M vs. 0.2 M and 0.01 M, respectively). As it was demonstrated that the PA monolayer was fully 
deprotonated at pH 5.5 and with 0.2 M Na+ present, ASW will accordingly also cause deprotonation of 
the monolayer, despite the difference in pH.  

3.1.3. Sum Frequency Generation 

Because BAM images reveal that the presence of salts results in the condensation of the PA 
monolayer, VSFG spectroscopy is used to understand the molecular-level organization of the 
monolayer in the TC phase. Thus, also shown in Figure 3 are VSFG spectra of PA on MgCl2 and 
CaCl2 aqueous solutions in the CH stretching region (2,800�–3,100 cm 1), which are used to determine 
the extent of conformational ordering of the acyl chains induced by the ions in the subphase (i.e.,  
trans vs. gauche ordering). All spectra were collected at a surface pressure of 10 mN/m. 

Four vibrational modes are present in the spectrum of the PA monolayer on pure water: the CH2 
symmetric stretch ( sCH2) at 2,842 cm 1, the CH3 symmetric stretch ( sCH3) at 2,874 cm 1, the CH3 
Fermi resonance ( FRCH3) at 2,940 cm 1, and the CH3 asymmetric stretch ( aCH3) at 2,960 cm 1. The 
VSFG spectrum shows that the sCH3 and FRCH3 peak intensities are more intense, while those of  
the sCH2 and aCH3 modes are relatively weaker. Of these peaks, the sCH3 and sCH2 are indicative 
of the conformational ordering of the acyl chain. Based on the electric dipole approximation, SFG is 
forbidden for medium or chemical groups with an inversion center. Therefore, a strong sCH3 peak 
with a corresponding weak sCH2 peak indicates a highly ordered acyl chain with little gauche defects. 
In contrast, a weak sCH3 peak accompanied by a strong sCH2 peak represents a weakly ordered acyl 
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chain with many gauche defects. In the VSFG spectrum of a PA monolayer on water, the sCH3 peak 
is strong while the sCH2 peak is weak, which reflects a highly ordered acyl chain in which the CH2 
stretches are centrosymmetric, and thus in an all-trans conformation. 

Comparison of the MgCl2 and CaCl2 spectra (regardless of concentration) to pure water shows a 
similar pattern, revealing that the acyl chains are in a trans configuration for all subphases. However, 
the degree to which Mg2+ or Ca2+ ions order the acyl chain can be determined from the ratio of the 

sCH3 to sCH2 peak intensity. Acyl chains that are more ordered have a larger ratio, indicating that the 
chains are nearer to an all-trans organization. Comparison of 0.1 M MgCl2 with pure water shows that 
the intensity of the sCH3 has decreased slightly. The sCH3 to sCH2 peak ratio is larger for 0.1 M 
MgCl2 than water though (Table 2), thus suggesting that Mg2+ induces a greater ordering of the acyl 
chains than water. For 0.3 M MgCl2 a stronger sCH3 peak is observed, indicating that the ability of 
Mg2+ to order the monolayer increases with concentration. This is consistent with BAM images, which 
showed that the PA monolayer became more condensed as Mg2+ concentration increased. Comparison 
of the CaCl2 solutions with pure water shows that concentration has little effect on the intensity of  
the sCH3 peak; however, the peak is stronger than that on pure water. This indicates that Ca2+ interacts 
more strongly with the monolayer than Mg2+ at a concentration of 0.1 M, although the effect is 
minimal, but observable and significant. The peak intensity is comparable at 0.3 M, indicating that the 
interaction of the ion with the monolayer is similar. These results are also consistent with BAM 
images, which revealed that Ca2+ has a larger effect on surface morphology at lower concentrations. 
The greater ability of Ca2+ to perturb the PA monolayer surface morphology is most likely due to 
difference in binding of Ca2+ and Mg2+ ions to the COO  headgroup. Ca2+ is believed to interact with 
two COO  groups, either by forming a bidentate or bridging complex. Mg2+, however, is more likely to 
form ionic or monodentate complexes with one COO  headgroup [40]. 

Table 2. sCH3/ sCH2 mode ratio for various subphases. 

Subphase sCH3/ sCH2 
H2O 6.7 

0.1 M MgCl2 6.8 
0.3 M MgCl2 7.9 
0.1 M CaCl2 11.3 
0.3 M CaCl2 8.1 

3.2. Miscibility and Surface Morphology of Mixed Monolayers of PA and Cerebrosides 

3.2.1. Surface Pressure-Area Isotherms 

The π-A isotherms of mixed PA/cerebrosides monolayers at various compositional ratios on pure 
water can be seen in Figure 4. To the best of the author�’s knowledge the phase behavior for a mixture 
of porcine cerebrosides with HFAs and NFAs has not been previously reported. Compared to results 
reported for bovine HFA and NFA cerebrosides, the shape of the isotherms is similar [67,68]. The 
MMA of the G-LC transition and the collapse pressure differ, but this is mostly attributed to variations 
in acyl chain composition. The G-LC to LC transition (evidenced by BAM) of cerebrosides occurs  
at 38 Å2/molecule. The transition is fluid-like and lacks discontinuities. Surface pressure steadily 
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increases up to approximately 50 mN/m, where the collapse phase begins. Variability in the onset of 
collapse was observed and typically ranged between 50�–60 mN/m. Beyond this point the surface 
pressure still increases, but more gradually. 

Figure 4. -A isotherms of mixed PA/cerebrosides monolayers with various compositional 
ratios on water. 

 

From Figure 4 it can be seen that isotherms of PA/cerebrosides mixtures generally lay between  
that of the pure components, which suggests that PA has a condensing effect on cerebrosides.  
The exception to this is the 4:1 mixture, which can be compressed to slightly smaller MMAs than pure 
PA at low surface pressures. A change in phase behavior can be observed between the 3:2 and 2:3 
mixtures. The 4:1 and 3:2 mixtures, and the 1:4 and 2:3 mixtures have similar phase behaviors. 
However a different phase behavior is found between these two pairs of mixtures. Both the 4:1 and 3:2 
mixtures have G-LC to LC transitions at approximately 26 Å2/molecule. Two LC phases are present, in 
which a kink occurs at 15 mN/m for both mixtures. The collapse phase also occurs at the same surface 
pressure (51 mN/m) for these mixtures. However, only one LC phase is observed for the 1:4 and 2:3 
mixtures, and their collapse phases are at lower surface pressures, at 41 and 44 mN/m, respectively. 

Notable for the 1:4 and 2:3 mixtures is that the surface pressure begins increasing at a molecular 
area larger than that of pure cerebrosides. For the 4:1 mixture this occurs at 47 Å2/molecule. The 
surface pressure slowly increases to about 2 mN/m until 36 Å2/molecule, where the surface pressure 
rapidly increases. Similarly, for the 2:3 mixture, the surface pressure begins increasing at 46 Å2/molecule 
until it reaches a value of 2 mN/m at 30 Å2/molecule, where it then rapidly increases. The expansion  
of these monolayers relative to pure cerebrosides indicates that repulsive interactions occur in the  
low-pressure regime. 

Miscibility of mixed monolayers can be determined from the collapse pressures. Typically, if 
components in a binary mixture are immiscible two distinct collapse pressures corresponding to the 
pure components will be observed. Collapse pressures for mixed PA/cerebrosides monolayers at various 
compositions can be seen in Figure 5. Dashed lines indicate collapse pressures of pure components.  
Two data points at  PA = 0 show the range of collapse pressures observed for cerebrosides. Only one 
collapse pressure was observed for each mixture, and values are between those of the pure components. 
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The presence of one collapse pressure for each mixture indicates that �“squeezing out�” of PA did not 
occur, resulting in a collapse at 40 mN/m. As no such feature is observed in the π-A isotherms, it was 
determined that binary mixtures of PA/cerebrosides are miscible. The decrease in collapse pressure as 
cerebrosides content increases indicates that stability of the mixed films decreases with increasing 
cerebrosides content. The observed trend suggests that the interactions between the cerebrosides and 
PA are more favorable when a small amount of cerebroside is present. This may be due to a 
preferential hydrogen-bonding network between the cerebrosides and PA headgroups, which becomes 
disrupted when more cerebroside molecules are present.  

Figure 5. Collapse pressures of mixed PA/cerebrosides monolayers as a function of PA 
chemical composition. 

 

Miscibility of mixed films can also be determined from the additivity rule [59,69]. 

(1)

The additivity rules states that at a specific surface pressure the MMA of a mixed film, A12, is 
related to the molecular area (A1 and A2) and mole fraction ( 1 and 2) of the pure components. If the 
two components obey the additivity rule the film is immiscible or behaves ideally, i.e., the interactions 
between the two components are the same as the interactions between molecules of a single component. 
Therefore any deviation from the additivity rule indicates miscibility and non-ideal behavior. Figure 6 
shows plots of A12 vs.  PA at 5, 20, and 35 mN/m. Since deviations from the additivity rule are seen for 
all surface pressures, PA and cerebrosides mixtures are miscible. Negative deviations are observed for 
most mole fractions, which suggest that the interactions between PA and cerebrosides molecules are 
stronger than the interactions of each molecule with itself. However, at  PA = 0.2 small positive 
deviations were seen for low surface pressures, suggesting interactions between the two components 
are weaker. As surface pressure increases the deviation disappears, suggesting that interactions between 
molecules are stronger as they are forced closer together. 

Interactions between molecules can also be evaluated from the excess free energy of mixing, ∆Gex. 
For a mixed monolayer at constant surface pressure and temperature ∆Gex is defined by 

 (2)

where  is the surface pressure. Figure 7 shows ∆Gex as function of composition of mixed the 
PA/cerebrosides monolayers. Values for ∆Gex are all negative with the exception of  PA = 0.2 at 5 and 
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20 mN/m. This indicates that interactions between cerebrosides and PA are mostly attractive. The 
values of ∆Gex become more negative with increasing surface pressure, suggesting that the mixed 
monolayer is more stable at higher surface pressures. This may be due to stronger interactions between 
molecules as the monolayer is condensed. A minimum in the ∆Gex values can be seen in each curve at 

 PA = 0.6, indicating that this composition is the most thermodynamically stable. 

Figure 6. Mean molecular areas (MMAs) of PA/cerebrosides mixtures as a function of PA 
chemical composition at various surface pressures. 

 

Figure 7. Excess free energies of mixing of PA/cerebrosides mixtures as a function of PA 
chemical composition at various surface pressures. 

 

The thermodynamic stability of the mixed monolayer compared to the pure components can also be 
determined from the free energy of mixing 

 (3)

where ∆Gideal can be calculated based on experimental conditions, 

 (4)
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where R is the ideal gas constant and T is the (absolute) temperature. Figure 8 shows ∆Gmix as a 
function of monolayer composition. All values of ∆Gmix are negative, indicating that mixed films of 
cerebrosides and PA are thermodynamically stable, especially at  PA = 0.6. 

Figure 8. Free energies of mixing of PA/cerebrosides mixtures as a function of PA 
chemical composition at various surface pressures. 

 

As mentioned above, it is observed that PA has a condensing effect on cerebrosides. Such an effect 
may be due to hydrogen bonding between the different headgroups. PA has a carboxyl headgroup with 
a pKa of ~8.7 on pure water [70,71]. The surface pKa of carboxylic acids differs greatly from the bulk 
value (~4.5). The pKa is an indirect measure of the protonation state and indicates that the carboxyl 
groups are mostly protonated at a subphase pH of 5.6. The cerebrosides have a galactose headgroup 
with several hydroxyl groups. The carboxyl group of PA may serve as a bridging structure onto which 
hydroxyl groups from neighboring galactose groups preferentially hydrogen bond instead with 
neighboring water molecules (Figure 9). Such behavior would result in closely packed headgroups,  
as the solvation shell of the galactose is now partially replaced with PA carboxyl groups. Van der 
Waals interactions most likely also help facilitate condensation, as acyl chains of similar length and 
structure could easily pack together. 

Figure 9. Possible hydrogen bonding network between PA and cerebroside headgroups. 
Hydrogen bonds are indicated by dashed lines. 
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3.2.2. BAM Images 

BAM images of mixed PA/cerebrosides monolayers at a surface pressure of 0 mN/m are shown in 
Figure 10. Domains are visible at large surface areas for all compositions, indicating the presence of a 
G-LC coexistence region. Pure cerebrosides (Figure 10A) have bright, irregularly shaped condensed-like 
domains. Results reported here for the G-LC coexistence region differ from BAM images of pure 
bovine galactocerebrosides, where asymmetrical, wire-shaped domains were observed [72]. However, 
the authors described the domains as rigid clusters with irregular boundaries, which is consistent with 
results reported here. Differences in visual appearance of the domains in the G-LC coexistence phase 
may be due to experimental conditions or fatty acid composition of the respective cerebrosides. 

Mixtures of PA/cerebrosides are shown in Figure 10B�–E. The surface morphology of all mixtures 
in the G-LC coexistence region resembles that of pure cerebrosides, where mixtures have large domain 
structures similar to cerebrosides. However, the 1:4 mixture varies in appearance when compared to 
pure cerebrosides and all other mixtures, in which the domains have a foam-like appearance. Circular 
domains similar to pure PA (Figure 10F) were not observed for any mixture. This indicates that in the 
G-LC coexistence region PA and cerebrosides form a homogeneous mixture with no phase separation. 
The resemblance of mixtures to pure cerebrosides suggests that the galactose headgroup is the 
dominant factor in determining surface morphology. As discussed previously, hydrogen bonding 
between PA and cerebrosides headgroups may be favorable, which may result in a surface structure 
that resembles cerebrosides. 

Figure 10. BAM images of the G-LC coexistence region of mixed PA/cerebrosides 
monolayers for various compositions: (A) 0:1; (B) 1:4; (C) 2:3; (D) 3:2; (E) 4:1; (F) 1:0. 
Mean molecular area (Å2/molecule) and surface pressure (mN/m) values are indicated in 
the bottom left and top right corners, respectively. 

 

BAM images of the collapse phase of PA/cerebrosides mixtures as a function of monolayer 
composition are shown in Figure 11. Condensed phase BAM images of all monolayers appeared 
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similar in morphology when compared to each other and did not provide additional information on 
miscibility and are therefore not shown. The collapse phase of pure cerebrosides (Figure 11A) shows 
crystalline-like line-shaped collapse structures. A cross-hatched pattern behind the white line structures 
is also visible in the image. Pure PA (Figure 11F) has bright, large aggregate collapse structures that 
are consistent with previously obtained results [42]. Collapse structures of PA/cerebrosides mixtures 
depended upon the monolayer composition. The 4:1 PA/cerebrosides mixture (Figure 11E) had the 
most unique collapse phase of the mixtures, in that a web-like pattern is present. This suggests that the 
mechanism of collapse for the 4:1 mixture is different compared to the three other mixtures, as those 
had similar collapse phase morphologies. Collapse of these films appeared as a uniformly condensed 
film in which a line-shaped collapse structure may (Figure 11C) or may not (Figure 11B,D) be visible. 
Line-shaped collapse structures were observed for all three of these compositions, but were not 
consistently observed for every experiment. Appearance of the line-shaped structure may have been 
out of the CCD field of view; thus accounting for the inconsistent observation. Although collapse 
structures for the 1:4, 2:3, and 3:2 mixtures appear similar to that of pure cerebrosides, collapse 
structures of PA, indicative of �“squeezing out�” of PA, were not observed for any of the mixed 
monolayer systems studied. This demonstrates that the line-shaped collapse structures are unique to the 
monolayer composition, meaning that they cannot be attributed to either of the pure components, and 
therefore mixed films of PA/cerebrosides are miscible. 

Figure 11. BAM images of the collapse phase of mixed PA/cerebrosides monolayers for 
various compositions: (A) 0:1; (B) 1:4; (C) 2:3; (D) 3:2; (E) 4:1; (F) 1:0. Mean molecular 
area (Å2/molecule) and surface pressure (mN/m) values are indicated in the bottom left and 
top right corners, respectively. 

 

4. Conclusions 

In this study surface pressure-area isotherms, BAM, and VSFG spectroscopy were used to 
investigate the effect of several salt solutions on a PA monolayer. It was determined that all salt 
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solutions used, CaCl2, MgCl2, and ASW, altered the phase behavior and surface morphology of the 
monolayer film. VSFG spectra revealed that Mg2+ and Ca2+ ions induced ordering of the acyl chains. 
At lower concentrations, Ca2+ had a larger effect on the surface morphology and chain ordering, which 
suggests that Ca2+ interacts with the monolayer more strongly than Mg2+. At higher concentrations the 
effect of Ca2+ and Mg2+ were comparable. ASW caused a condensation of the monolayer, resulting in a 
surface morphology that is markedly different from that of pure water. From these studies it is 
concluded the surface morphology of a monolayer depends upon the subphase composition, mainly the 
nature of the salt and the concentration. 

Also investigated were mixed monolayers of PA and cerebrosides using Langmuir surface 
pressure�–area isotherms and BAM. Collapse pressures and surface morphology of PA/cerebrosides 
films indicated that the two components are miscible. Phase behavior of the mixtures was observed to lie 
between those of the pure components. This condensing effect is most likely facilitated by hydrogen 
bonding between the different headgroups. Surface morphology of mixtures in the low-pressure regime 
varied little from pure cerebrosides, also suggesting hydrogen bonding of headgroups occurs. 
Thermodynamic analysis of the surface pressure-area isotherms also indicated that the mixed films 
were miscible, and that the mixed monolayer with  PA = 0.6 appears to be the most stable. 

5. Atmospheric Implications 

PA Langmuir films were used as a proxy for atmospheric aerosols. It is clear that salts significantly 
affect the surface morphology of PA films on the aqueous surface. Here, MgCl2, CaCl2, and ASW 
caused condensation of the surface film, leading to tightly packed molecules. Packing of molecules 
affects the rate of water transfer in aerosols, and it is likely that a tightly packed film would impede 
water evaporation and uptake. In contrast, condensation of the monolayer results from molecules 
occupying a smaller mean molecular area, which could lead to the formation of pores within the 
organic layer. The presence of pores would facilitate water transfer in this region, causing the size of 
the aerosol to change as water content is lost or gained. Alteration in aerosol size affects other aerosol 
properties, such as scattering efficiency. Subphase composition, therefore, does not only directly effect 
surface morphology, but also indirectly influences all properties of the aerosol. Thus, to better 
understand the nature of organic-coated aerosols the complexity of the aqueous core should be 
accurately represented. 

The surface morphology of PA films is also observed to vary in different phases, which is indicative 
of the surface concentration of PA molecules. The different phases are representative of aerosols with 
varying surfactant coverage. Aerosols with little surfactant coverage (as seen in the G-LC region)  
have large regions of exposed subphase, while aerosols with sufficient coverage (UC region) have a 
uniform, tightly packed monolayer. As discussed earlier, the rate of water evaporation and uptake is 
determined by molecular packing, and aerosols with varying surfactant coverage are expected to 
experience different rates of water transfer. The molecular organization of the surface film is effected 
by the chemical composition, as is evident from the condensing effect that PA has on cerebrosides. 
Interaction of different molecules, whether favorable or unfavorable, will determine the packing 
density on the aerosol surface. Surfactant coverage also influences heterogeneous chemical reactions at 
the surface. Acyl chains that are tightly packed in an all trans configuration, indicative of sufficient 
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aerosol coverage, may less likely undergo chemical processes, such as oxidation. From these studies it 
is evident that surface morphology of aerosol particles is dependent upon surface concentration and 
chemical composition. 
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