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Chapter 3

Anion fractionation and reactivity at air-water and air-
methanol interfaces: implications for the origin of
Hofmeister effects’

This chapter is reproduced with permission from J. Cheng, M. R. Hoffmann, and A. J.

Colussi, Journal of Physical Chemistry B, 2008, 112, 7157. Copyright © 2008, American
Chemical Society
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3.1 Abstract

Anions are selectively enriched in interfacial layers. This universal phenomenon, first
identified in connection with protein precipitation 120 years ago, underlies fundamental
processes. Its physical causes, however, remain conjectural. It has been speculated that
the more polarizable anions should have larger affinities for air/liquid interfaces, and that
their reactivities toward gaseous species would be affected by whether the liquid is
capped by hydroxyl groups, as in water itself, or by hydrophobic layers of organic
contaminants. These issues are particularly relevant to the composition and fate of

atmospheric aerosols. Recently we found that fractionation factors fx- of simple anions at
the air/water interface increase exponentially with ion radius ax-. In this chapter we report

new experimental results on a set of anions that include the large PF¢ and the highly

polarizable 103" species. A strict In fx- oc ax- correlation is confirmed. Experiments
performed in {xy, H,O + (1 - x\) MeOH} mixtures show that fx-is almost independent of

Xw. Furthermore, O3(g) oxidizes I at virtually identical rates on H,O and MeOH.
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3.2 Introduction

Bromide and particularly iodide are known to be highly enriched in the finest marine
aerosol particles.'” This phenomenon has long been ascribed to the binding of halide ions
to surface-active organic material,” and/or the release of biogenic halocarbon gases from
the ocean.*” Since the aerial interfaces of most electrolyte solutions are negatively
charged relative to the bulk,®® i.e., anions are selectively enriched at the interface as a
matter of course, anion fractionation will inevitably take place during the aerosolization
of the ocean upper layers upon bubble breakup.”' Establishing the physical basis of this

11,12
1,

universa as opposed to contingent or episodic, mechanism of solute fractionation at

13-15

the air/water interface is key to our understanding of aerosol chemistry and its global

impact on atmospheric processes.'®!’

The origin of interfacial ion partitioning is not well understood."®*° Electrostatic,
hydration, dispersion and hydrophobic forces, hydrogen bonding, and chaotropic/
kosmotropic effects on solvent structure'>'®**® have been invoked to explain specific
ion effects. Molecular dynamics and Monte Carlo calculations have revitalized the

152728 y1sing ab initio water-water potential energy functions calibrated to account

subject,
for many-body effects in the bulk.”” Since the modest enrichment factors (less than an
order of magnitude) associated with most interfacial phenomena entail free energy
differences AG < 5 kJ mol™ ~ 2 kT at 300 K, one may envision multiple explanations for
‘anion enrichment’."’”%*' A more stringent test for theory and calculations would be to

account for robust, quantitative correlations between reliable interfacial fractionation data

with ion and/or solvent properties.
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The very concept of ‘interface’, i.e., the depth of what is considered the ‘interface’ as
opposed to the ‘interfacial region’, is itself ambiguous because it depends on both the
phenomenon studied and the probing technique. Surface-specific techniques collect
signals from ~ 1 nm deep layers,”*>” but again, since the free energy gradients associated
with interfacial ion enrichment are commensurate with KT, chemically activated
processes specifically confined to the ‘interface’ proper appear to be a contradiction in
terms. Perhaps only the fastest reactions, which occur upon heterogeneous reactant
encounters could truly probe interfacial structure and dynamics.*®

In this article, we extend our previous study on anion fractionation® to the large PFg
and the highly polarizable 105, and report experimental tests of whether anion
fractionation depends on local interfacial properties in water:methanol mixtures, which
are largely capped with -CH; groups above xyeon ~ 0.2.%* We also investigate whether
the rates and course of the diffusion-controlled oxidation of interfacial I' by O3(g) change

from water to methanol *’

3.3 Experimental Section

NaSCN (98%, Sigma-Aldrich), NaNOs (99 %, EM Science), NaBr (99.5%, EM
Science), NaBF, (98%, Fluka), NaClO4 (99%, EM Science), Nal (99%, EM Science),
NaPFs (98%, Sigma-Aldrich), and NalOs (99%, Sigma-Aldrich) were used as received.
Equimolar stock solutions were prepared in purified water (18.2 MQ cm™ resistivity)
from a Millipore Milli-Q Gradient water purification system or in methanol (HRGC
grade, EMD Chemicals). Anions at the liquid-air interfaces are directly monitored by

48-50

electrospray mass spectrometry (ES-MS). Equimolar solutions of the sodium salts of

various anions were pumped (at 50 pL min”) into the spraying chamber of the
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electrospray mass spectrometer (HP-1100) through a grounded stainless steel needle (100
pm ID, 150 um OD) surrounded by a coaxial sheath (250 um ID) that issues N»(g) at 0.5
L min. The large difference between the exit velocities of the liquid jet (106 cms’)and
the N, gas (2.65 x 10* cm s™) forces the liquid to fragment into fine droplets. The spray
produced from a grounded nozzle injector consists of a normal distribution of weakly
charged microdroplets (centered at zero charge) arising from statistical charge separation
during the fragmentation of a neutral liquid. In the electrospray chamber, rapid solvent
evaporation leads to the shrinking, and concomitant surface charge crowding of droplets
that become mechanically unstable when electric repulsion overtakes liquid cohesion; as
a result, they shed their interfacial films to produce finer droplets. This process repeats
itself until anions are ultimately field-ejected from the last-generation nanodroplets, and
deflected into the mass spectrometer region by applying an appropriate bias to its inlet
port. This technique therefore reports the multiplicatively amplified differences in
composition of the outermost layers of original droplets. Typical instrumental parameters
were: drying gas temperature, 250 °C; drying gas flow, 10 L min™'; nebulizer pressure, 35
psi; collector capillary voltage, +3.5 kV; fragmentor voltage, 80 V. Mass spectra were
acquired at preset m/z values, 58 and 60 (*MSCNY), 62 (NO5), 79 and 81 (Br), 86 and
87 ("“"BEy), 99 and 101 (*> *'ClOy), 127 (I), 145 (PFs), and 175 (I05). The
composition of the interfacial layers of reacting droplets is directly monitored after sub-
millisecond contact times, t, by online electrospray mass spectrometry (ES-MS) of field-
ejected anions.* Ozone was produced by passing O, (g) (ultrapure, Air Liquid America
Co.) through an ozone generator (Ozone Solutions), diluted 10-fold with ultrapure N; (g),

and quantified by a UV-Vis spectrophotometer (Agilent 8452). Ozone concentrations
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were calculated from absorbance measurements using recommended values for its
absorption cross sections: ¢ = 1.1 x 1077 (250 nm) and 6 = 3.9 x 10" (300 nm) cm?
molecule”. The mixed gas was then injected into the chamber, where it was further
diluted six-fold by the countercurrent drying gas. Gas flows were regulated by calibrated
mass flow controllers (MKS). A schematic diagram of the ozone reaction chamber is

shown in Scheme 3.2.

3.4 Results and Discussion

Figure 3.1 shows the negative ion mass spectrum of an electrosprayed equimolar
solution of sodium NOs’, BF4, ClO4, PF¢ and 105" salts. Since the technique detects ions
already present in solution, Figure 3.1 should display similarly intense signals in the
absence of interfacial fractionation. This is clearly not the case. From the mass spectrum

of Figure 3.1, normalized anion fractionation factors, fx-, are calculated from the sum of

ion counts, I, for the isotopic variants of each anionic species (e.g., (Isg + I101) for Cl1O4

, etc.) and the total ion count:

|
_mwzX 3.1)

f =
e
2z Im/z,X'

Thus, by definition, fx-’s are relative (rather than absolute, i.e., interfacial versus bulk)

fractionation factors. They are independent of bulk concentration from 10 to 1000 uM.
PF¢’, which has the largest radius (ax- = 295 pm) of the set, is exceedingly enriched at the
droplet surface. This is consistent with previous surface potential measurements in which
PF¢ displayed a several-fold stronger affinity for the air-water interface than either C104

or SCN™.° In line with this finding, the smallest anion in the group, 105, is the least
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enriched,'>***'? despite possessing the largest polarizability (see Table 3-1). The strict

linearity of the In fx- vs. ax- plots (correlation coefficients r* > 0.98) of Figure 3.2

demonstrates that the (negative) free energies associated with the segregation of anions

from the bulk solution to the air-liquid interface (i.e., fx- oc exp[- ®'"AG/KT]) increase

39,53

with the first power of ion radius ax- rather than with ion volume or polarizability.

Because many ion properties concomitantly depend on ion radius in one way or another,
and to avoid confounding cause and effect, we adopted the criterion that the nature of the
interactions involved should be sought in the best functional correlation. Thus, since

solvation free energies SAGx- o (1/ax”) are inversely rather than directly proportional to
ax"" In fx- vs. - SAGx- plots are also quasi-linear (with a negative slope) within a
limited range, but they have smaller correlation coefficients than In fx- vs. ax- plots®”; we
therefore reject SAGyx- differences as the origin of anion fractionation.

Perhaps unexpectedly, interfacial anion fractionation factors fx- measured in

water/methanol mixtures are weakly dependent on solvent composition over the entire
range (Figure 3.3a). Methanol preferentially partitions to the liquid-air interface,’®’
where water hydroxyls are readily replaced by hydrophobic methyl groups that project
into the vapor phase (Figure 3.3b).*! Thus, we find no experimental grounds to support
the hypothesis that interfacial anion fractionation is driven by surface structure or
dynamics. By excluding local effects, we realize that any explanation of ‘interfacial
affinities” becomes conceptually related to Archimedes’s principle: lower density bodies

float not because they have ‘affinity’ for the surface, but because the fluid forces them

there.”***”*% We infer that anions are enriched and/or fractionated at air/liquid interfaces
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not because they have ‘affinity’ for these boundaries, but because they are expelled by
the whole liquid. The collective underlying interaction in this case is many-body
electrodynamic rather than gravitational.

It has been hypothesized that the reactivity of solutes at the air/water interface might
be different from in the bulk. This issue arises, for example, in connection with gas-liquid
reactions occurring in atmospheric aerosol droplets exposed to reactive gaseous species
such as OH-radicals, O3 or NO,. Note that, in principle, only the fastest reactions could
display ‘kinetic surface effects’ before the gaseous species have the chance to be solvated
and diffuse into the bulk medium. Besides solute fractionation, which expresses
preexisting equilibrium interfacial gradients, reactivity is expected to be affected by the
state of the solute at the interface, particularly its solvation state, and by the intrinsic
asymmetry of an interfacial region open to mass transfer with both the gas-phase and the
bulk.

Figure 3.4 shows relative iodide concentrations [I']/[I]o at the air-liquid interface as a
function of [Os3(g)]. We have shown that the initial slopes, So, of [I']/[I']o vs. [O3(g)]
curves are proportional to the ratio of the second-order-reaction rate constant, k, over the

diffusion coefficient D~ in the condensed phase: Sy oc k/Dr.61 Despite the dissimilar

structures of the aerial interfaces of water and methanol, and an estimated ten-fold larger
solubility in methanol than in water,”> O3(g) oxidizes I” at identical rates in both solvents:
Sp=10.0152 £ 0.0010 ppmv™" (H,0), So= 0.0145 + 0.0002 ppmv"' (MeOH), regardless of
the diverse interactions it may experience upon approaching each surface. Product

branching ratios: I' = [1057])/[I'], are also similar in water and methanol. By assuming that
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ks >> kj, ks >> k4, the mechanism in Scheme 3.1 implies that I" should be a linear

function of [Os(g))/[I]:"

105]_ky 03] o
3] ke r]

This functional dependence is experimentally confirmed in both solvents, with slopes

(ko/ka)meon ~ 1.03 (Ko/Ka)water (Figure 3.5a,b). Thus, secondary reactions, which possibly

take place in subsurficial layers (such as the one denoted by o in Figure 3.3b) are also
insensitive to the nature of the solvent surface.

Based on the above results and considerations, we propose that the selective

enrichment of larger radius anions in air/liquid interfacial layers likely results from

24-26,59,63

rejection by the medium via collective dispersive interactions. The current view

is that “the dominant forces on ions in water are short range forces of a chemical

95 21

nature”,”' i.e., ions hardly perturb the solvent beyond the first solvation shell.*** By

strongly binding solvent molecules, the dielectric permittivities of the solvated ions ex-

are necessarily smaller than that of the bulk solvent’s &g, except at the air/liquid interface,
where £4(z) monotonically falls off to es(z) — €ar = 1 as z—0.°° Electrolyte solutions
should be realistically viewed as ‘colloidal’ suspensions of weakly dielectric, inert
solvated ions of radius ax in a continuous dielectric medium, rather than intermolecularly
perturbed fluids.®*™*® Far from the interface, ions remain in a state of indifferent
equilibrium, but in the interfacial region, where €s(zZ) — €., they experience a net

electrodynamic force toward the interface because es(z+0) > ex- > gs(z-0) > 1.0

Furthermore, ions can be treated as large spheres close to the infinite planes separating
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solvents from air, and therefore will be repelled toward the interface by many-body

dispersion energies that scale with ~(ax/z) [(ex - €s(2)) (ex + &s(2))" (1 - &s(2)) (1 +
SS(Z))'I] as 70,7 conforming to the In fx vs. ax correlation of Figure 3.2. Notice that if
the likely condition ex- oc €5 applies, these energies, which involve dielectric permittivity

ratios, are expected to be weakly dependent on absolute es values (cf. Figure 3.3c). How
far ions approach, or even protrude into the gas-phase will be ultimately limited, of
course, by hydration energy losses. Summing up, interfacial anion fractionation is the
electrodynamic equivalent of flotation in a gravitational field, and is determined by ionic

radii and solvent permittivity profiles across interfacial layers.
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Table 3.1. Interfacial affinities and molecular properties of anions >

N ?_ff;mities Radii ggg/g‘}zﬁon Polarizability  Ton Volume
X ax (107" m) (kJ mol) (10°" m”’) (cm’ mol ™)
105 0.0103 181 408 7.41 30.8
NO5’ 0.0149 206° 306 4.20 34.5
BFs 0.0661 230 200 2.78 50.6
ClO4 0.0814 240 214 4.99 49.6
PFg 0.8273 2957 - 4.36 1 58.0
a. See text for definition
b. Equatorial radius
c. Value for SiF 62'
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Figure 3.1. ES-MS of a 10 pM equimolar aqueous solution of the sodium salts of the
following anions: NOj3', BF4, ClO4, PF¢, and IO5™ at pH = 6.5. Ion signal intensities are
normalized to total ion intensity.
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Figure 3.2. Symbols: Normalized anion affinities, fx- versus crystalline ion radii,a x-.
Solid line: linear regression of In fx vs. ax.
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Figure 3.3. (a) fx- measured in 10 uM solutions of the sodium salts of the corresponding

anions; (b) the fractional coverage of -CHj3 groups at the surface, 9, and in the layer
beneath, 6;41 (c) the dielectric permitivity of the solvent,69 as functions of methanol molar
fraction in water:methanol mixtures.
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Figure 3.4. Symbols: normalized interfacial iodide concentration [I']/[T']p versus [O3(g)]
in (a) H;O and (b) MeOH; [I']o= 10 uM. The data are fitted with exponential decay
curves (r* > 0.99).
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Figure 3.5. The product branching ratio [IO57]/[I57] as a function of [O3(g)]/[I'] in (a) H,O
and (b) MeOH; [I"]p = 100 uM.
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Scheme 3.1. Iodide oxidation by ozone in water.
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Scheme 3.2. Schematic diagram of the spraying chamber, Os (g) injection, and mass
spectrometer sampling inlet.

Solutions from syringe pump
Stainless steel
Nebulizer
0,JO/N, [ ( Tefion Tube 0.75 cm
— | ;J ) Heated N, dryifg gas

mp ToMS

0.75cm




