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Abstract: Solution chemistry is commonly regarded as the physical chemistry of reactions and chemical equi-
libria takingplace in thebulk of a solvent, andbetween solutes in solution, and solids or gases in contactwith the
solution. Our knowledge about such reactions and equilibria in aqueous solution is very detailed such as their
physico–chemical constants at varying temperature, pressure, ionic medium and strength. In this paper the
solution chemistry in the surface region of aqueous solutions, down to ca. 10Åbelow thewater–air interface,will
be discussed. In this region, the density and relative permittivity are significantly smaller than in the aqueous
bulk strongly affecting the chemical behaviour of solutes. Surface sensitive X-ray spectroscopic methods have
recently been applicable on liquids and solutions by use of liquid jets. This allows the investigation of the
speciation of compounds present in the water–air interface and the surface region, a region hardly studied
before. Speciation studies show overwhelmingly that neutral molecules are accumulated in the surface
region, while charged species are depleted from it. It has been shown that the equilibria between aqueous
bulk, surface region, solids and/or air are very fast allowing effective transport of chemicals over the
aqueous surface region.

Keywords: aqueous surfaces; chemical equilibrium; chemical speciation; ICSC-36; solution chemistry;
XPS.

Definition of surface region and its expected physico–chemical
properties

The water–air interface forms the border between aqueous solution and air. It is evident that the water
molecule layer forming the interface and a number of water molecule layers below it, have significantly
different physico–chemical properties than the aqueous bulk. Themain reason is that the three-dimensional
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network of hydrogen bonds in bulk water is disrupted causing a rough surface and a surface region with
lower density and relative permittivity than the aqueous bulk [1, 2]. A large number of experimental X-ray
photoelectron spectroscopy (XPS) studies of the speciation of aqueous surfaces has shown a very clear
pattern; neutral molecules, especially surface active ones, are accumulated at the water–air interface and in
the surface region, while charged species are depleted from it [3–11]. This is supported by the fact that the
relative permittivity decreases from high values in the aqueous bulk, ε = 78 in water [12, 13], to 1.0006 in air
[14], and thereby sufficiently low intermediate values in the surface region to not allow salts or ion-pairs to
dissociate.

It is well-known that a certain relative permittivity of a solvent is required to allow a salt of monovalent
ions to dissociate, [15–20], and this value increases with increasing charge density of the ions making up the
salt [15]. The absence of single ions close to the water–air interface shows that the relative permittivity is not
sufficiently large in the upper water molecule layers to allow the entrance of charged species. The profile of the
relative permittivity from thewater–air interface towards the bulk is most likely a gradual change over 10–15 Å
as determined by ellipsometry and X-ray reflectometry [16–18]. This is in reasonable accordancewith a relative
permittivity of 5–10 for a few water molecule layers on a metal electrode [1], and theoretical simulations [19,
20]. Thus, at this level the relative permittivity should be ca. 15,which hardly allows the presence of single ions.
Theoretical simulations have indicated that the change from low to high relative permittivity takes place over
just a couple of water molecule layers [19, 20]. The water surface can therefore in principle be divided into two
parts: 1/ thewater–air interfacewith very low density and relative permittivity, and 2/ a regionwith a thickness
of a number of water molecules below the water–air interface ca. 10 Å (certainly dependent on concentration
and kind of solutes), the surface region, with physico–chemical properties ranging from those at the water–air
interface to those in the aqueous bulk. Somewhere in the lower part of the surface region the relative
permittivity seems to be sufficiently high to allow dissociation of salts of low-valent ions and the ordering of
hydrogen bonds becomes similar to those in the aqueous bulk.

X-ray Photoelectron Spectroscopy (XPS) – a method to study
chemical composition of liquid surfaces

The photoelectric effect was discovered in 1887 by Hertz and Hallwachs [21, 22], and Einstein introduced the
concept of the photon and deduced the relationship between photon energy, hν, and the maximum kinetic
energy of the emitted electrons in 1905 [23], which form the basis for X-ray photoelectron and photoemission
spectroscopy. Siegbahn developedmethods to study the detailed binding energy of core level electrons, shifts,
and their dependence on the chemical environment and oxidation state [24, 25]. Siegbahn called this kind of X-
ray photoelectron spectroscopy ESCA (electron spectroscopy for chemical analysis), which was in particular
used for solid surfaces and thin films. Siegbahn received the Nobel Prize in physics in 1981 for this work.
However, for long the XPS technique required ultrahigh vacuum (UHV) to obtain accurate signals and was
thereby limited to solid materials. The two key features of XPS are its chemical selectivity and its surface
sensitivity. Chemically, XPS provides information about the elemental composition and the local chemical
environment around atoms. At kinetic energies around 50–100 eV of the emitted electrons, XPS of solids is
highly surface sensitive with around 50% of the signal coming from the outermost molecular layer. For a more
detailed description of the XPSmethod in general, a book and a review article byHüfner are recommended [26,
27]. Faubel developed in 1988 the liquid jet technique, in which a thin liquid beam, 10–50 μm in diameter, is
pumped with high pressure into a vacuum chamber with a liquid nitrogen cooled trap to lower the working
pressure as much as possible [28, 29]. The liquid jet and the high radiation intensities available from syn-
chrotron light sources make it possible to study the surfaces of aqueous solutions with XPS to determine
chemical speciation and in some cases also the orientation ofmolecules and ions in the aqueous surface region
(Fig. 1).
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Surface accumulation and depletion

Chemical compounds prefer different kind of media depending on their chemical properties, and their ability
to interact with the solvent. Many salts are readily soluble in water due to strong hydration and shielding of
charge because of the strong dielectric properties of water. On the other hand, apolar organic compounds have
low solubility due to weak hydration and low ability to break up the structure of the aqueous bulk. The
significantly different physico–chemical properties of the aqueous bulk and the aqueous surface region cause
that different kinds of compounds prefer either the aqueous bulk or the surface region. It has turned out that
neutral molecules, especially surface active ones, are accumulated in the surface region [3, 30–34]. On the
other hand ions are in general significantly more strongly hydrated than neutral molecules and thereby
depleted from the surface region [34]. Ion-pair formation increases the possibility of charged species to come
closer to the water–air interface due to charge shielding. Examples of this are the chloride and sodium ions,
which normally are depleted from the surface region. When paired with guanidinium or benzoate ions,
however, they come closer to the water–air interface than they do as dissociated ions in a sodium chloride
solution [5–7].

Surface accumulation and depletion of halide ions in the aqueous
surface region

For inorganic salts, the classic electrostatic model with an ion-free surface region [35] has been replaced by
models, in which ions may be present, and even enriched, at the surface [36, 37]. Studies, of aqueous alkali
halide solutions using surface sensitive spectroscopies, such as XPS and Sum Frequency Generation, showed
a pronounced trend in the ability of the hydrated halide ions to come close to the water–air interface,
I− > Br− > Cl− > F− [38, 39], as earlier proposed by theoretical simulations [40]. It seems that the ability of a
hydrated ion to come close to the water–air interface increases with decreasing strength of hydration. How-
ever, it seems not likely that single halide ions can reach all the way up to thewater–air interface as it has been
proven that even e.g. formate and butyrate ions hardly can enter the surface region [41], vide infra. A possible
distribution of the positions where halide ions can reach a water surface is proposed in Fig. 2. The hydration of
the iodide ion is weak, weaker than the hydrogen bonds betweenwatermolecules in the aqueous bulk [43, 44],
thus, it is regarded as structure breaking ion [45]. The hydrated iodide ion is structurally flexible and the

Fig. 1: The principal experimental set-up of an X-ray
photoelectron spectroscopy experiment of a liquid
surface using the liquid jet technique.
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required shielding of its charge becomes lower than for ionswith higher charge density. The bromide ion is also
regarded as structure breaking ion, while the fluoride ion is regarded as structure making ion [41, 45]. The
fluoride ion ismost likely not able to reach the surface region as its hydration shell is strong and rigid due to its
high charge density. The chloride ions form hydrogen bonds to their hydrating water molecules of the same
strength as the internal hydrogen bonds in bulk water [43, 44]. Furthermore, it has been shown that aqueous
solutions containing both sodium chloride and bromide with excess chloride, the bromide ions are “salted
out” closer to aqueous surface [38]. This shows clearly that the hydrated bromide ion can reach higher up in the
surface region as compared with the chloride ion.

Surface propensity of carboxylic acids and carboxylate ions in
aqueous solution

The surface propensity of alkyl carboxylic acids and the conjugated carboxylate ions in aqueous solution have
been studied by XPS using liquid micro-jets. The C 1s signal intensity for aqueous solutions of acetic acid and
acetate ions (as sodium salt) as function of concentration shows different behaviours [3]. The C 1s signal intensity
of acetate is low and directly proportional to the concentration, while it is much stronger for acetic acid but
declining with increasing concentration. This pattern shows that acetate ions cannot enter the water–air inter-
face, neither the upper parts of the surface region, and they are mainly directed to the lower part of the surface
region and the aqueous bulk. On the other hand, acetic acid can reachhigher up in the surface region, seen in the
muchmore intense C 1s signal. However, the number of positions available in the upper part of the surface region
is limited. With increasing concentration, this region becomes saturated and acetic acid molecules have to find
positions further down in the surface region and closer to, or even into, the aqueous bulk. In aqueous solutions
with equal concentrations of acetic acid and acetate the C 1s signal intensity ratio therefore decreases with
increasing concentration [3]. This shows that acetic acid is accumulated in the surface region at significantly
higher concentrations than present in aqueous bulk in spite of acetic acid being miscible with water [3, 41].
Qualitatively similar observations have been made for many other alkyl carboxylic acids, succinic acid and
various alcohols [3, 9, 10, 11]. The relative surface propensity of some selected alkyl carboxylic acids and their
conjugated carboxylate ions in aqueous solution has been studied by XPS, recorded at the magic angle with a
photon energy of 360 eV, see Fig. 3 [41]. The kinetic energy dependence of the photoelectron inelastic mean free
path of liquidwater is still a subject of investigation [46, 47], but thepresent results clearly indicate a high surface
sensitivity of XPS under these conditions. By comparing the intensity of the peak corresponding to the carbon
atoms in the alkyl chain (BE ∼290 eV) for the different species, it is evident that the surface propensity of
carboxylic acids increases with increasing length of the alkyl chain [3, 41]. A very large difference in XPS signal
intensity can be seen between the carboxylic acids with four or less carbon atoms and the ones with five ormore
[41], Fig. 3. The large difference in C 1s signal intensity between butyric and pentanoic acid, Fig. 3, is most likely
due to that the alkyl chain of the latter can reach the water–air interface with at least some of the alkyl carbons

Fig. 2: A possible view of how close to the water–air
interface the hydrated halide ions can reach with the
fluoride ion not able to reach the surface region, while it
seems reasonable for the iodide ion to do it at least
partly. The heats of hydration of the halide ions are
taken from ref. [42]. The thin dashed line represents the
border where water has bulk water properties, and the
thick dashed line represents the border to which
charged species with low charge density can reach.
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sticking up into air. Another interesting detail is that for pentanoic and hexanoic acid the C 1s signal from the
alkyl carbons are 1.5 times more intense, after normalization of the number of alkyl carbons in the alkyl chain,
than from the carboxylic acid carbon, see the (I290/I294)corr ratios in Table 1. This shows that the carboxylic acid
group remains, as expected, in the aqueous surface region, and that the alkyl chain of the carboxylic acid is
oriented perpendicular to the water surface with part of it in air. Butyric acid has amuchweaker C 1s signal than
pentanoic andhexanoic acid indicating that the propyl group is in the aqueous surface region and the large (I290/
I294)corr ratio, 1.37, that the propyl chain of butyric acid is orientedperpendicular to thewater surface but below it.
The carboxylic acid group tries to reach as low in the aqueous bulk as possible to increase the possibilities for
efficient hydration in all directions. It is striking that the C 1s intensities of the carboxylate carbon of the formate
and butyrate ions are very similar. This shows that carboxylate carbons are equally distant from the water
surface, and due to the very weak intensity, most likely situated in the lower part of the surface region or in the
aqueousbulk. For thebutyrate ion the (I290/I294) corr ratio is significantly larger thanone indicating that thepropyl
chain is closer to the water surface than the carboxylate group, thus oriented into the surface region perpen-
dicular to the water surface. This kind of preferred orientation of molecules is of course not possible in the
aqueous bulk as the chemical properties are uniform. This makes that the chemical composition of the water
surface, and thereby its chemical properties, are strongly dependent on the solutes and their surface propensity.

The chemical speciation in the surface of aqueous solutions at different bulk compositions give a clear picture
of the surface propensity of common compounds dissolved in aqueous systems. Charged hydrophilic chemical
species are not able to reach the water–air interface, and they have also difficulties to reach the upper parts of the
surface region even though they have low charge density as the iodide ion, vide ultra. Neutral surface active
molecules are accumulated in the surface region, and when the alkyl chain is sufficiently long, ca. four alkyl
carbons, it can stick out into air and therebybepresent inor above thewater air-interface [41]. A general trendof the
reported results of XPS experiments show that certain categories of compounds are accumulated in the surface
region at significantly higher concentrations than present in the aqueous bulk, and sometimes at higher con-
centrations than the solubility in the aqueousbulk. In order to give amore correct picture of the chemical equilibria
over thewater–air interface, as theHenry law constants, the chemical composition of the surface region need to be
expressed as equilibria with the aqueous bulk and air, or another gas above the surface, as shown in Fig. 4.

Of the equilibria in Fig. 4 the solubility, s, or solubility product, Ks, if the solid is a salt, are very well
characterized for a vast amount of compounds. The Henry law constants, KH, A(g) ⇌ A(aq. bulk), are almost

Fig. 3: C 1s XPS spectra of sodium formate and butyrate,
and acetic, butyric, valeric and caproic acid in aqueous
solution measured with a liquid microjet and
normalized for concentration and number of carbon
atoms in the alkyl chain. This normalization causes that
the intensity of the peak at 294.3 eV (carboxylic acid or
carboxylate carbon) is inversely proportional to the
number of carbons in the alkyl chain.
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equally well characterized [48]. However, they are the product of two equilibria, A(aq. bulk) ⇌ A(surface
region), Ksrd, and A(surface region)⇌ A(gas), Ksd, of which individual values have not been determined. The
equilibrium constants between aqueous bulk and surface region are possible to estimate from e.g. surface
tension or surface propensity studies [3, 4, 9, 10, 41]. In general the equilibrium constant Ksrd = [A(surf. re-
gion)]/A(aq. bulk)] is larger than unity for neutral compounds and especially those which are surface active
[41]. However, the observed [HA]/[A−] ratio decreases with increasing concentration due to the limited number
of sites in the surface region, and further formed or introduced HA is forced to a position further down from the
surface, while the signal from strongly hydrophilic compounds, as A−, remains in the aqueous bulk or lower
parts of the surface region and the C1 s signal becomes proportional to its concentration.

Transport over the water–air interface

The solution and physical chemistry of the following proton-transfer reaction,

NH+
4(aq) + RCOO−(aq)⇋ NH3(aq) + RCOOH(aq) ;  K z 10−4.5,

is well characterized as well as the Henry law constants for ammonia and alkyl carboxylic acids, KH = 61
and >103 M atm−1, respectively [48]. This makes the expected equilibrium concentrations of ammonia and car-
boxylic acid above such a solution very small, ca. 9 · 10−4 and 1.3 · 10−5% of the total ammonia/ammonium and
carboxylic acid/carboxylate concentration, respectively.However, inanopen systemwhere formedammonia and
carboxylic acid are continuously removed, the equilibria in the solution are affected as well. Experiments have
shown that significant amounts of ammonia and minor amounts carboxylic acid are released from the aqueous
solution in anopen system [41]. Theamounts ammonia released fromammoniumalkyl carboxylate solutionswith
2–7 carbons in thealkyl chainare proportional to the total concentration in the aqueousbulk [41]. However, for the
ammonium n-octanoate and n-nonanoate systems solid n-octanoic and n-nonanoic acid are formed on the
aqueous surface as their solubility is very low in water and the volume of the surface region is limited. The
formation of solid n-octanoic and n-nonanoic acid takes obviously place when both the surface region and the
aqueous bulk are saturated. At these conditions both ammonia and carboxylic acid leave the aqueous system
through evaporation and precipitation, respectively, a much higher reaction rate is observed when substantial

Table: Ratios of the intensities of the XPSsignals (integratedpeak area) from theCs bandsof alkyl carbon (I) and carboxylic
acid carbon of carboxylic acid (I) and butyrate ion in surfaces of aqueous solutions. Corr is the ratio after dividing the observed
ratio by the number of carbons in the alkyl chain.

Hexanoic acid Pentanoic acid Butyric acid Acetic acid Butyrate ion
C5H11COOH C4H9COOH C3H7COOH CH3COOH C3H7COO

−

I/I . ± . . ± . . ± . . ± . . ± .
(I/I)corr . . . . .

Fig. 4: Equilibria involving solid phases, aqueous bulk,
aqueous surfaced region and air (or other gas)
illustrated with a carboxylic acid. The thin dashed line
represent border there water has bulk water properties,
and the thick dashed line the border to which charged
species with low charge density can reach.
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amounts of both compounds, e.g. ammonia and carboxylic acid, leave the system. This shows that the equilibria
in the surface region and over thewater–air interface are fast as well as the transport of chemicals to and from the
surface region, and that the total concentration may change significantly in the aqueous bulk.

Acid–base equilibria in the surface region and the impact of ion-
pairs

The presence of acidic and alkaline compounds in the surface region and the water–air interface of aqueous
solutions is of great importance for many processes e.g. in atmospheric chemistry and biochemistry. The
physico–chemical properties of aqueous surfaces in comparison to aqueous bulk ones have been investi-
gated thoroughly during the last decades. The mechanisms of these models and the proposed different
protolytic properties of the aqueous surface region have been subject to intensive discussions. The exper-
imental and theoretical approaches applied and the conclusions drawn from these have been contradictory
[3, 49–58].

The definition of pH requires the presence of free hydrated or solvated hydroniumand hydroxide ions, and
their spatial distribution at the water–air interface have created an intense debate [3, 50, 53–55, 59]. The
hydronium and hydroxide ions are very and fairly small, respectively, with relatively high charge density, and
thereby strongly hydrated as seen in their large hydration enthalpies, ΔHhydr

o, of −1091 (H+) and −460 (OH−) kJ/
mol [60], beingmonovalent ions. In recent systematic studies on the speciation of aqueous surfaces using XPS,
neutral compounds regarded as acids or bases in the aqueous bulk can be accumulated in the aqueous surface
region [3–11, 41]. At the same time, there are no experimental evidences for dissociation of such compounds in
the surface region. Therefore, they behave as extremelyweak acids and bases as long as they are situated in the

Fig. 5: Acid-base equilibrium in the aqueous bulk and its
coupled equilibria to the aqueous surface region, which
consists of the air–water interface and the surface
region. The equilibria in white takes place in the
aqueous bulk, those in grey in the surface region, and
the compounds in black are present in air. The dashed
line represents the border between surface region and
aqueous bulk. (A) The acidic constant, Ka, for the weak
acidHA in the aqueousbulk (the equilibrium is shifted to
the left), its coupled equilibria with HA in the surface
region, Ksurf. distr., which in turn is coupled to the
concentration of HA in air, Ksurf. air, and the equilibrium
of the conjugated base A− in the bulk and with an ion-
pair formation in the surface region, Kion pair_sr, (B) the
base constant, Kb, for the weak base B in the aqueous
bulk (the equilibrium is shifted to the left), its coupled
equilibria with B in the surface region, Ksurf. distr., which
in turn is coupled to the concentration of B in air, Ksurf.
air, and the equilibrium of the conjugated acid HB+ in the
bulk and with an ion-pair formation in the surface
region, Kion pair_sr, The product of the constants Ksurf. distr
and Ksurf. air equals the Henry law constant.
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surface region where the density and the relative permittivity are significantly lower than in the aqueous bulk.
Charged species can approach the surface region by ion-pair formation to shield the charge of the ions, and this
is in particular evident for surface active ions with long alkyl chains or two-dimensional ions as benzoate and
guanidinium [5–7].

Based on these experimental observations, the solution chemistry of weak acids and bases in aqueous
bulk and the surface region is summarized in Fig. 5. It is proven in a large number of studies that neutral
compounds are accumulated in and charged species are depleted from the surface region. As the chemical
properties and the composition of the surface region are significantly different from the aqueous bulk it has to
be treated as an independent phase which is in equilibrium with the aqueous bulk, the gas phase above the
water–air interface as well as possible solid phases floating on the water surface, Fig. 4.

Conclusions

The surface region, the volume ca. 10 Å thick below the water–air interface, has significantly different physico–
chemical properties as lower density and relative permittivity than bulk water, and they change gradually from
close to gas phase properties to those of the aqueous bulk. This means also that the solution chemistry in the
surface region is significantly different from that in the aqueous bulk. Speciation studies have clearly shown that
neutral compounds, especially thosewith a hydrophobic group as an alkyl chain, are accumulated in the surface
region, while charged species can only reach the lower parts if the charge density is low, as e.g. the iodide ion, or
as ion-pairswhere the charges are shielding eachother,while specieswith high chargedensity aredirected to the
aqueous bulk. Thismeans that the chemical composition in the surface region can be very different from the one
in theaqueousbulk. The speciation and the chemistry takingplace in the surface regionwill have large impact on
the surface behavior as surface tension and reactivity. This is especially important for small water droplets with
large surface area:bulk volume ratio for which the surface properties will define their chemical properties.
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