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ABSTRACT: Atmospheric particulate matter is one of the main factors governing the Earth’s radiative budget, but its exact effects 

on the global climate are still uncertain. Knowledge on the molecular-scale surface phenomena as well as interactions between 

atmospheric organic and inorganic compounds is necessary for understanding the role of airborne nanoparticles in the Earth system. 

In this work, surface composition of aqueous model systems containing succinic acid and sodium chloride or ammonium sulfate is 

determined using a novel approach combining X-ray photoelectron spectroscopy, surface tension measurements and thermodynam-

ic modeling. It is shown that succinic acid molecules are accumulated in the surface, yielding a tenfold surface concentration as 

compared with the bulk for saturated succinic acid solutions. Inorganic salts further enhance this enrichment due to competition for 

hydration in the bulk. The surface compositions for various mixtures are parameterized to yield generalizable results and used to 

explain changes in surface tension. The enhanced surface partitioning implies an increased maximum solubility of organic com-

pounds in atmospheric nanoparticles. The results can explain observations of size-dependent phase-state of atmospheric nanoparti-

cles, suggesting that these particles can display drastically different behavior than predicted by bulk properties only. 

INTRODUCTION 

At the air-water interface the three-dimensional hydrogen-bonding network of water is terminated, resulting in important macro-

scopic phenomena such as surface tension. Microscopically this is caused by the reduced molecular coordination at the surface, 

which also affects the distribution of solutes in the surface region. Depending on their nature, solutes may be enriched or depleted 

in the surface region, but the magnitude of such effects, their molecular-scale origin and possible resulting structural changes are 

not well known – even for solutions with a single solute.1 Solutions with more than one solute, as often found in nature, are experi-

mentally and theoretically even more challenging, and consequently even less well understood. 
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The importance of surface phenomena increases with decreasing system size. Thus, surface phenomena can be particularly im-

portant for airborne nano-sized aerosol particles (less than a few hundred nm in diameter). Aerosol particles are ubiquitously pre-

sent in the Earth’s atmosphere, and their sizes range from nanometers to hundreds of micrometers. Atmospheric aerosol particles 

influence the climate through scattering and absorption of solar radiation as well as acting as cloud condensation nuclei (CCN). The 

detailed physical understanding of the behavior and impacts of aerosol particles is still incomplete, and aerosol-cloud interactions 

represent the largest single uncertainty in climate model predictions.2 While the importance of surface phenomena for understand-

ing the behavior and impact of atmospheric aerosol particles has been acknowledged,1,3 bulk thermodynamics is still the standard 

approach for describing the chemical and physical properties, such as phase-state, volatility and chemical reactivity of these parti-

cles in atmospheric models. If the air-particle interface displays very different properties and behavior as compared with the corre-

sponding bulk mixtures, this approach might not be appropriate. However, very few quantitative studies on the topic currently 

exist.4-7 

Atmospheric aerosol particles typically contain complex mixtures of inorganic and organic molecules as well as varying amounts 

of water, depending on the ambient conditions. Organic species constitute a particular challenge due to their complexity: while 

organic material can comprise up to 90 % of aerosol mass,8 the organic fraction can contain thousands of different species. Signifi-

cant progress has been made in the recent decades in understanding the thermodynamics of atmospheric inorganic9-11 and organic 

aerosol constituents,12-14 but little is known about their direct interactions with each other.15–18 These interactions are often neglected 

in current atmospheric models, although recent studies suggest their potential importance for nanoparticle volatility,19-21 CCN activ-

ity,22,23 and ambient water content.24 Pioneering studies suggest that common inorganic salts can modify the surface propensity of 

typical organic molecules in atmospherically relevant mixture compositions,25 affecting the surface tension of these mixtures.26 

Quantification of the magnitude of this effect in terms of surface vs. bulk concentration on the molecular scale would allow a more 

detailed assessment of atmospheric implications of these results. 

In this study, a novel approach to quantify surface concentrations of surface-active species in the presence of highly soluble inor-

ganic salts is introduced. The approach combines synchrotron-based X-ray photoelectron spectroscopy (XPS) experiments with 

measurements of macroscopic surface tension, and the interpretation of the data with thermodynamic modeling of the surface vs. 

bulk. While the XPS results disclose the real interfacial distribution of any species with chemical sensitivity, the conversion to 

absolute concentrations of the species is challenging due to the uncertainty in the attenuation length of the photoelectrons and the 

lack of accurate knowledge of the photoionization cross-sections.1 This uncertainty is overcome here by using surface tension data 

and a Langmuir adsorption model to constrain the interpretation of the XPS data. Using this approach, the surface abundance of 

succinic acid (SuccH2) in aqueous solutions with and without the presence of inorganic salts, in particular ammonium sulfate 

((NH4)2SO4) and sodium chloride (NaCl), is quantified and parameterized. These inorganic compounds are two of the most abun-

dant salts in atmospheric aerosol particles, originating from e.g. industrial emissions and sea spray, respectively. Succinic acid, on 

the other hand, is a photo-chemically produced dicarboxylic acid of mostly natural origin, and commonly found in atmospheric 
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aerosol particles. The chosen mixed solutions thus serve as a surrogate for typical organic and inorganic compounds in atmospheric 

aerosol particles. Using these surface concentration data, the level of hydration in the surface vs. the bulk is analyzed, and implica-

tion of the results for the phase-state, properties and impacts of atmospheric nanoparticles containing mixtures of organic and inor-

ganic substances are discussed. 

MATERIALS AND METHODS 

The studied systems 

Succinic acid in aqueous electrolyte solutions of NaCl or (NH4)2SO4 was experimentally investigated through probing the molec-

ular-scale surface compositions of a liquid micro-jet with XPS and measuring surface tension. A list of all sample solutions and 

corresponding additional information, such as pH values and densities, are given in the Supporting Information (SI), Table S1. 

All bulk concentrations are given in mole fractions 𝑥 = !!"#$%&
!!!!!"#$%&

, where nsolute is the number of moles of the solute and nW the 

number of moles water. Mixed aqueous solutions are described by two mole fractions: one for the organic acid xorg and one for the 

inorganic salt xinorg, given for each solute separately with respect to the water content. The surface mole fractions s are calculated 

correspondingly. Molar concentrations c in [mol/dm3] are used when the direct relation to the surface photoemission (PE) intensi-

ties (denoted by Is) is discussed. Conversions between these quantities are provided in the SI. 

XPS experiments 

The XPS experiments were performed at the Swedish National Synchrotron Facility MAX-lab, Lund University, at the soft X-ray 

beamlines I411 and I1011 (Max-II ring). The experimental setup and conditions are the same as described elsewhere.1, 27 

Sample solutions were prepared freshly from commercially available chemicals (Sigma Aldrich with the purities: > 99.5 % for 

SuccH2 and NaCl and > 99 % for (NH4)2SO4) and demineralized water (18.2 MΩ⋅cm, Milli-pore Direct-Q) for all experiments. For 

the XPS experiments, stock solutions of the organic acid were prepared for each series of experiments and inorganic salts were 

added. Prior to experiment the sample solutions were filtered (Whatman Puradisc FP30 syringe filters, 1.2 µm pore size) to remove 

potential dust. Sample solutions for surface tension measurements were prepared freshly using the required amount of organic and 

inorganic compound. 

To assess the effects of NaCl and (NH4)2SO4 on the abundance of SuccH2 at the aqueous surface, the carbon 1 s (C 1s) core level 

PE signal of the acid was compared between the mixed solution with added inorganic salts and the pure SuccH2 solution. Changes 

in the surface abundance of the inorganic salts were monitored via the nitrogen 1s (N 1s) of ammonium ions, sulfur 2p (S 2p) of 

sulfate ions and chlorine 2p (Cl 2p) of chloride ions. The C 1s PE lines were measured at a photon energy of 360 eV, Cl 2p at 270 

eV, N 1s at 480 eV and S 2p at 240 eV, resulting in roughly 70 eV kinetic energy for each of the core levels and the same short 

probing depth for all species.28,29 For each investigated core level region also the 1b1 valence PE spectrum of liquid water was rec-

orded and used to calibrate the kinetic energy scale, by aligning the 1b1 PE line of liquid water to 11.16 eV30 with an uncertainty in 

binding energy of 50 meV. All PE spectra were intensity normalized accounting for variations in photon flux from the synchrotron 
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ring and the acquisition time. To monitor the stability of the experimental setup, the 1b1 PE line of liquid water of a 50 mM NaCl 

solution was measured between each sample solution. Only experiments with these reference intensities within 5 % were further 

used in the analysis. PE peak areas were extracted from the recorded spectra by curve fitting. Details on the spectral analysis can be 

found in the SI. 

Interpretation of XPS experiments with Langmuir adsorption model and binary surface tension data  

A model based on the Langmuir adsorption theory was used together with surface tension measurements for pure SuccH2 aque-

ous solutions1 to quantify the surface concentrations from the XPS results. The Langmuir model has been previously applied to 

XPS results,31,32 and enables the estimation of surface concentrations as well as the net energy gain for a solution with a portion of a 

single solute accumulated at the interface, i.e. free energy of adsorption	ΔGads. The surface is assumed to be represented by a mono-

layer with no interactions between adsorbed molecules.33 Even though these are simplifications of the reality, the Langmuir model 

provides a useful framework for the interpretation of the results, as shown in this work. 

The surface component Is of the total recorded PE signal Itot, which contains contributions from the surface region and the sur-

face-near-bulk region, can be described as a function of bulk mole fraction x of a compound in aqueous solution using the Lang-

muir adsorption isotherm:  

𝐼! =   !!,!"# ∙ !

!! !!! ∙!
∆!!"#
!"

  ,              (1) 

where Is,max is the maximum surface contribution of the PE signal. R is the universal gas constant and T the absolute temperature, 

which was 283.15 K corresponding to the temperature of the XPS experiments. 

To determine Is,max
 and ΔGads for the pure succinic acid solutions, Eq. 1 was fitted to previously published XPS results.1 Is was es-

timated assuming the PE signal of the succinate ion (Succ2-) to originate solely from the bulk of the solution, while the SuccH2 

signal corresponds to both the surface and the bulk.1 Hence, the surface contribution Is is given by the difference 𝐼! = 𝐼!"! −

𝐼!"##!! . As the PE signal is directly proportional to the number of a species in the probed volume, Is is directly proportional to the 

surface concentration cs in [mol/dm3] of SuccH2 at any given x. Is,max, on the other hand, corresponds to the surface PE signal of a 

saturated surface region. If the molar concentration cs,max and the surface mole fraction smax corresponding to Is,max, are known, the 

molar surface concentration cs at any given x can be estimated using Eq. 1 with the fitted Is,max
 and	ΔGads values and Is/ Is,max = cs/ 

cs,max.32 Here, cs,max was estimated by choosing a value that successfully reproduced surface tension data of pure SuccH2 solutions. 

To quantify the effect of the inorganic salts on the surface propensity of SuccH2, it is assumed that Is,max determined from pure 

SuccH2 solutions is not exceeded in the mixed electrolyte solutions, allowing the effect of the inorganic salts to be expressed as a 

change in	ΔGads via Eq. 1. This is equivalent to assuming that SuccH2 molecules dominate the solute population in the interfacial 

region, while the inorganic ions primarily reside in the bulk of the solution – an assumption that was further investigated using 

XPS. cs of SuccH2 in mixed solutions are obtained in the same way as described for the pure solutions above. Finally, this approach, 
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including the quantified surface concentrations of SuccH2 in electrolyte solutions of varying concentration, was evaluated through 

comparisons to surface tension data of corresponding solutions. 

Surface tension measurements 

Surface tension measurements were performed for pure and mixed aqueous solutions of SuccH2 and (NH4)2SO4 in a temperature-

controlled room at 283.15 K. The surface tension as a function of concentration was determined by a FTÅ 125 tensiometer (First 

Ten Ångstroms) using the pendant drop shape method, which was calibrated using demineralized water (18.2 MΩ⋅cm, Milli-pore 

Direct-Q). Measurements for each sample were repeated until the surface tension value of three consecutive droplets resulted in an 

average absolute deviation of less than 0.5 %. Surface tension was calculated using the program FTÅ32, with approximately 43 

photos of each droplet and densities of the sample solutions, which were determined at 298.15 K using an Anton Paar DMA densi-

ometer and scaled using the density of pure water at 298.15 K and 283.15 K. 

Model connecting surface tension to surface and bulk composition 

The surface tension model by Sprow and Prausnitz34,35 was used to estimate the surface tension of pure and mixed solutions. This 

model was used by Li et al.36 for aqueous electrolyte solutions and later by Werner et al.1 for pure aqueous succinic acid solutions, 

where a detailed description of the procedure is given. Assuming a thermodynamic equilibrium between the surface and the bulk 

region, the surface tension of the aqueous solution 𝜎!"# can be approximated as  

𝜎!"# = 𝜎! +
!"
!!
𝑙𝑛 !!!

!!!
 ,              (2) 

where σw is the surface tension of pure water and Aw is the molar surface area of water. 𝑎!!  and 𝑎!!  are the activities of water in the 

surface and bulk, respectively, which are directly proportional to the mole fraction and activity coefficients of water in these phases. 

To calculate the activity coefficients of water for the mixed organic-inorganic solutions in the bulk and surface region, two thermo-

dynamic models were used: The Extended UNIFAC model (E-UNIFAC)37 and the Extended AIM Aerosol Thermodynamics Model 

(E-AIM).15,16 Both of them use the original UNIFAC model, which is a group contribution model for short-range contributions.12 

For the E-UNIFAC model the group contribution parameters were extracted from Raatikainen and Laaksonen,37 and for the E-AIM 

model, the parameterization of Peng et al.38 was used. 

RESULTS AND DISCUSSION 

Surface composition of the pure succinic acid solutions 

The PE intensities for pure aqueous SuccH2 as a function of the bulk composition, which were part of a previous study,1 are 

shown in Fig. 1a together with the Langmuir fit (see Eq. 1). The Gibbs free energy of adsorption of aqueous SuccH2 to the surface 

was determined to be ΔGads = -12.8 kJ/mol. In comparison with butanol (-15.3 kJ/mol32), which is a less strongly hydrated com-

pound, or thiocyanate (-6 kJ/mol39) that is more strongly hydrated due to its charge and size and therefore less abundant in the 

aqueous surface region, the obtained value for SuccH2 seems reasonable. The resulting surface concentrations (see Fig. 1a, right 



 

 

6 

axis, where the surface concentration cs,max corresponding to the fitted maximum PE signal Is,max was set to 8 mol/dm3, yielding smax 

=	0.26806) agree well with estimates from a previous study and experimentally obtained surface tension data, see Fig. 1b.  

Generally, the surface concentration of succinic acid is strongly increased in pure solutions. The tight packing of SuccH2 in the 

interfacial region implies a higher solubility in the surface region than in the bulk of the solution. Defining the surface solubility 

limit cs,limit to be the surface concentration corresponding to a saturated bulk solution above which bulk precipitation sets in (xlim-

it = 0.0101541), cs,limit is determined to be 5.6 mol/dm3 at 283.15 K (slimit = 0.14867), which corresponds to roughly 70 % of cs,max.  

 

Figure 1. The surface propensity and surface tension of pure succinic acid in aqueous solutions. a. Experimental and fitted surface PE 

intensities as a function of bulk mole fractions of aqueous SuccH2 (xorg). The right axis shows corresponding molar surface concentrations. 

b. Experimental (Ref. 40 and this work) and modeled surface tension as a function of xorg aqueous SuccH2. Note that for a single organic 

compound in aqueous solution, the principles utilized in E-AIM and E-UNIFAC are identical. Differences between these models are 

caused by different group contribution parameters. Error bars are estimated from experimental uncertainties. 

Surface composition of mixed solutions 

The ratios of the PE intensities of SuccH2 in aqueous solutions as a function of NaCl or (NH4)2SO4 are assembled for the studied 

solutions in Fig. 2a as a function of the mole fraction of the added inorganic salt xinorg. The C 1s signal of SuccH2 increases roughly 

linearly with inorganic salt concentration (see also SI, Fig. S1). The Cl 2p, S 2p and N 1s PE intensities of the inorganic ions in 

mixed solution with SuccH2 (at xorg= 0.00489) and pure electrolyte solutions (at xinorg= 0.01770 for (NH4)2SO4 and xinorg= 0.05127 

for NaCl) are also compared (Fig. 2a). The results suggest that the spatial distribution of the ions is not affected by the addition of 

SuccH2 to the electrolyte solution within experimental uncertainties. This supports the assumption of strongly hydrated ions being 

depleted from the aqueous surface, as also suggested from Gibbs theory for compounds that increase the surface tension of a solu-
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tion.42 It can be concluded that in these electrolyte solutions, succinic acid resides closer to the interface, while the inorganic ions 

remain unaffected by the co-dissolved organic acid in the bulk of the solution. 

 

Figure 2. The effect of inorganic salts on the surface propensity of succinic acid. a. PE intensity ratios of C 1s, Cl 2p, N 1s and S 2p of 

aqueous electrolyte solutions of SuccH2 (xorg = 0.00459) and various amounts of added NaCl or (NH4)2SO4. Intensities of the mixed solu-

tions are always related to the PE intensities of pure solutions. The dashed line indicates the bulk proportions. b. ΔGads under the assump-

tion that the surface is only populated by SuccH2 and the bulk contains both inorganic ions and SuccH2. The trend is approximated using 

Eq. 3. Error bars are estimated from experimental uncertainties. 

 

The ΔGads
 values for the mixed solutions and the fitted value for the maximum PE intensity Is,max = 33.6, are shown in Fig. 2b as a 

function of xinorg. The decreasing ΔGads values can be parameterized using Eq. 3, and represent the net energy gain for the mixed 

solution by a portion of the dissolved SuccH2 being accumulated at the interface. 

ΔGads = ( -12.8 - 29 ∙ xinorg) [kJ/mol]            (3) 

The ΔGads values become more and more negative for increasing amounts of added inorganic salt, indicating that the accumula-

tion of SuccH2 at the surface is increasingly favorable for the aqueous system when strongly hydrated ions are present in solution.  

Using the proposed parameterizations (Eq. 1 and 3), the surface composition of the mixed solutions can be described for any 

combination of SuccH2 and NaCl or (NH4)2SO4. The resulting Is as a function of organic and inorganic mole fractions are shown in 
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Fig. 3a, and the corresponding surface tension predictions are shown in Fig. 3b for mixed solutions containing SuccH2 and 

(NH4)2SO4. Experimentally obtained surface tension data for mixed solutions containing SuccH2 and NaCl40 or (NH4)2SO4 (compare 

Table S2) are also shown in Fig. 3b. The modeled surface tension values fit very well with the experimentally obtained ones 

throughout the concentration range, supporting the applied approach and its underlying assumptions. Generally, surface tension 

increases for solutions containing one of the inorganic salts and decreases if only succinic acid is present as solute. 

 

 

Figure 3. Experimentally determined and parameterized PE signals and surface tensions as a function of mixed solution composition. a. 

Surface PE intensity of SuccH2 (Is) scaled for pure (black spheres) and mixed solutions with NaCl (blue boxes) or (NH4)2SO4 (red 

spheres). The black lines are parameterized Is values (see Eq. 1). b. Surface tension as a function of solution composition. Experimental 

values from SuccH2 with (NH4)2SO4 (listed in Table S2) and NaCl (taken from Ref. 40) are shown. Modeled surface tension of mixed 

solutions containing from SuccH2 with (NH4)2SO4 are shown as lines, where activities calculated via the E-AIM model and E-UNIFAC 

model are shown in black and grey, respectively. 

Hydration in the bulk and at the surface 

The number of water molecules required for the first hydration shell of Na+ and Cl- is 6 each,43, 44 for NH4
+ it is 445 and for SO4

2- it 

is 1246. Water interacts strongly with the polar carboxylic acid groups of a dicarboxylic acid, while the interactions with the hydro-

phobic -CH2- (methylene) groups are unfavorable and water molecules form a "void" around them to minimize the unfavorable 

interactions. The number of water molecules that surround one carboxylic acid group is on average 2.5.47 Hence, 5 water molecules 

are used per SuccH2 molecule as a limit for full hydration in the further analysis.  

To estimate the degree of hydration, the number of water molecules employed in the first hydration shell of the solute species was 

calculated for each bulk solution composition and compared to the total number of available water molecules. The resulting per-

centage of strongly bound water (W%), the number of water molecules available for each SuccH2 molecule in the bulk and at the 
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surface (NW/Org), as well as the relative enhancement of SuccH2 in the surface compared to the bulk (sorg/xorg) are listed in Table 1 

for each studied solution. Details on the derivation of these values can be found in the SI.  

 

Table 1. The bulk vs. surface hydration of the succinic acid molecules in the studied solutions.  

 xorg xinorg W% 

[%] 

Bulk 

NW/Org 

Surface 

NW/Org 

𝒔𝒐𝒓𝒈/𝒙𝒐𝒓𝒈 

pure 0.00459 -     2.2 222.0 9.6 20.7 

saturated 

(slimit) 

0.01015 -     5.1   97.5 5.7 14.6 

+ NaCl 0.00459 0.01770   23.9 174.0 8.7 22.4 

0.00459 0.05127   67.1   78.0 6.3 29.7 

0.00459 0.06722   87.7   30.0 5.7 32.5 

+ 

(NH4)2SO4 

0.00459 0.00893   20.3 182.0 9.0 21.9 

0.00459 0.01770   38.3 142.0 7.7 25.0 

0.00459 0.02631   56.3 102.0 7.0 27.2 

0.00459 0.05127 110.3  -18.0 6.3 29.8 

 

The electrolyte solutions investigated in this work are highly concentrated, and in many cases more than 50 % of the available 

water is strongly involved in the direct hydration of the dissolved species. As the amount of available water molecules decreases, 

the species in solution start to compete for full hydration. It becomes energetically beneficial to hydrate the ionic species (inorganic 

salts) in the bulk of the solution, allowing the more weakly hydrated species (SuccH2) to populate the less favorable surface sites. 

As each SuccH2 molecule only requires 5 water molecules for hydrogen bonding and additionally possesses a hydrophobic alkyl-

chain, it is segregated to the aqueous surface, where its central part (-CH2-CH2-) can be partially dehydrated.1,48 As more than the 

available water is required in case of xorg = 0.00459 with xinorg = 0.05127 of (NH4)2SO4, the water molecules are likely shared be-

tween the species promoting also direct interactions between the dissolved species,49 which may affect the volatility of the com-

pounds.21 

The quantitative estimate of the SuccH2 concentration at the surface allows for separate investigation of the hydration at the sur-

face, comparing bulk and surface NW/Org in Table 1. In case of the pure SuccH2 solution (xorg = 0.00459), the carboxylic acid groups 

at the surface are sufficiently hydrated and there are roughly 5 water molecules per SuccH2 left to hydrate the central part of the 

molecule, which is thus at least partially hydrated. In the more concentrated electrolyte solutions, more succinic acid molecules are 

accumulated in the interfacial region, reducing the number of H2O per acid to roughly 6, which is close to the value found for a 

saturated pure succinic acid solution with xlimit and slimit. The SuccH2 molecules at the interface are packed efficiently, but not as 
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tightly as in a dry crystal,50,51 as the few water molecules per acid are integrated into the SuccH2-dominated surface region. For a 

saturated pure succinic acid solution with xlimit = 0.01015 and slimit = 0.14867, the corresponding number of water molecules per acid 

in the surface is 5.7, which is enough to hydrate the carboxylic acid groups but not the methylene groups.  

The relative enhancement of SuccH2 in the surface compared to the bulk of the solution, which is given by the ratio of the corre-

sponding mole fractions sorg/xorg, is listed in Table 1 for each studied solution. It can be seen that the addition of inorganic ions in 

the bulk of the solution causes a strong increase in the surface concentration of the organic acid. 

 

Size-dependent particle content and phase-state 

The results in this study suggest that the water-solubility of succinic acid is strongly increased in the surface region as compared 

with the bulk solution, and this effect is further enhanced by the presence of highly soluble inorganic salts like NaCl and (NH4)2SO4 

(Table 1). This has important implications for the phase of aqueous nanoparticles containing these chemical compounds.  

 

Figure 4. Organic acid loading in aqueous nanoparticles. a. The total dissolved organic ratio of a partitioned particle vs. a bulk-like particle 

is shown as a function of wet particle diameter for the case of saturated and dilute SuccH2 with and without (NH4)2SO4. b. The total dis-

solved organic ratio as a function of organic fraction Forg for various wet particle diameters and different amounts of added inorganic salt. 

Details on the estimations presented in these figures can be found in the SI. 

Due to the high surface-to-volume ratio of these particles, a strong enhancement of their effective solubility as compared with 

bulk-like particles can be seen for wet particle diameters smaller than about 200 nm, see Fig. 4. Such nanoparticles thus stay in the 

aqueous liquid phase even at total succinic acid concentrations clearly above the bulk solubility limit. The enhancement is relatively 

stronger for the lower SuccH2 content and more pronounced in the presence of inorganic salts (Fig. 4a and SI for details). Hence, 

the importance of the surface region for the total organic content is bigger for more dilute mixtures where the surface is far from 

saturation. Small particles can contain a multiple of the expected bulk content, depending on the organic fraction. As shown in 

��

��

��

��

��

�

�

�

	

�

��

�

��

�

��




�
��

��
�

��
��




� � �
��

� � � �
���

� �

��� �������� 
������� ����

��������
 ������ �
�� � � ����!
" ���
�� � � �
 � �!��#

$����� ������ �
�� � � �����

" ���
�� � � �
 � �!��#

%��&'��&� ��������

#

�

!

�

(

�

�

	

�

��

�

��

�

��




�
��

��
�

��
��




� �� �� �� �� �� �

)
��

��������
 ������ �
�� � � ����!
" ���
�� � �
" ���
�� � � ��##�
" ���
�� � � �(�#�
" ���
�� � � �!��#

�� ��

�� ��

!� ��
��� ��

��� ��

� �



 

 

11 

Fig. 4b, for a particle with maximum SuccH2 loading in the bulk of the solution, i.e. saturated with succinic acid, and different 

amounts of (NH4)2SO4 (i.e. varying 𝐹!"#  =  !!"#
!!"#$%!!!"#

 ), the effect is strongest for small particles and Forg < 0.7. 

These molecular phenomena help to explain observations on the size-dependence of the phase-state of atmospherically relevant 

nanoparticles, where generally a well-mixed liquid phase is observed at smaller particle sizes (less than about 100-200 nm), even 

for the mixtures where larger particles show phase separation.52-54 The presented results thus support the general suggestions by 

Cheng et al.,55 where the effect of the surface on the size-dependence of water-solubility and hygroscopicity was discussed, alt-

hough not directly quantified on a molecular level. Furthermore, our observations are qualitatively in line with the studies on phase-

separated micro-scale droplets that show the accumulation of organic compounds at the surface, while highly soluble inorganic salts 

form an aqueous solution in the center of the droplet.24,56,57 The proposed mechanism may of course not be the only possible expla-

nation for the size-dependent phase state of atmospheric droplets, but it is probably one mechanism contributing to the phenome-

non.  

Enhanced liquid phase of atmospheric nanoparticles as compared with the corresponding bulk predictions affects particle-phase 

chemical reaction rates,58 enhances the particle-phase mass transfer,59,60 increases the CCN activity23,61 as well as affects the optical 

properties and direct radiative impacts62,63 of these particles. In particular, the molecular-scale observations presented here may help 

to explain why even small amounts of inorganic salt seem to enhance the CCN activation of organic molecules more than expected 

based on bulk solubility considerations only.22,61 Surface partitioning of organic species naturally also influences the CCN activa-

tion and hygroscopic growth of atmospheric particles directly, through the effects of surface tension and bulk activity on the equi-

librium vapor pressure of water over these solution droplets.4,26,64,65 However, this direct effect of the aqueous surface composition 

on the CCN activation is very small (<1 % in the activation dry diameter, see Fig. S3) for the mixtures studied here, suggesting that 

the surface vs. bulk partitioning of these systems indeed manifests itself primarily through affecting the phase-state of nanoparti-

cles.  

Even though only one atmospherically relevant organic acid has been studied here, it is likely that the results are at least partly 

generalizable to other atmospheric organic components as well – in particular those with similar moderate surface activity. The 

driving factor for the surface-enhancing capacity of the inorganic salts originates from the competition of the solute species on the 

hydrating water molecules. Moreover the effect is bigger for a low organic content of a moderately surface-active compound as 

compared with high organic content, which is attributed to the relative coverage of the surface, see also Fig. 3a. This is in line with 

previous observations.53,66 The detailed behavior of the different molecules at the surface may vary however, as pointed out by e.g. 

Refs. 25 and 32, who report differences in the surface organization of dicarboxylic acids with even vs. odd carbon numbers and 

positional isomers of alkyl-alcohols. 

To summarize, the presented results indicate that common atmospheric inorganic salts can significantly alter the surface propensi-

ty of less soluble organic species in atmospheric droplets, thus affecting the surface tensions of liquid aerosol particles containing 

these compounds. Due to the high surface-to-bulk ratio of small atmospheric droplets and an enhanced concentration of the organic 
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species in the surface as compared with the bulk, liquid aerosol particles can be loaded with significantly larger amounts of organic 

compounds than indicated by the bulk solubility limit. These results may explain the previously observed size-dependent phase-

state of aerosol nanoparticles containing organic molecules. As the apparent solubility in atmospheric nanoparticles can be substan-

tially higher than the bulk solution solubility limit, the contribution of particle surface needs to be considered when modeling the 

phase and water content of such particles. The importance of the surface strongly depends on the particle diameter and amount of 

co-dissolved inorganic salt. The presented interactions between atmospheric inorganic and organic particle constituents may more-

over influence the water content and CCN activity of atmospheric particles. The results suggest that properties of aqueous nanopar-

ticles can deviate fundamentally from predictions based on bulk properties only – particularly when it comes to predicting their 

phase-state in the presence of water. It should be noted, however, that here we have focused only on the thermodynamic of the 

condensed phase. While this is appropriate for particles/compounds with low volatility, in the atmosphere also the simultaneous 

partitioning between the gas and the condensed phases should be accounted for when considering semi-volatile species. 
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