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ABSTRACT. Broadband deep ultraviolet electronic sum frequency generation spectroscopy
allows measurement of electronic |y®|>-spectra at aqueous interfaces, providing considerable
improvement over deep ultraviolet electronic second harmonic generation spectroscopy that yields
error-prone, pointwise spectra. Reexamination of the z—xz* transition of nitrite at the air/water
interface reveals that the interfacial [y®[?-spectrum is strikingly similar to the bulk absorption
spectrum. Molecular dynamics simulations and SOS-CIS(Do) electronic structure calculations
provide no evidence for the previously reported contact ion pair-induced red-shift of the 7—z*
transition at the air/water interface. Our results thus revise the previous description for nitrite

interfacial adsorption as a contact ion pair.

KEYWORDS. Interface, water, ion pairing, solvation, electronic sum frequency generation
spectroscopy, second harmonic generation spectroscopy, molecular dynamics, SOS-CIS(Do).



The behavior of ions at and near aqueous interfaces is of central importance in many
chemical systems, including electrochemistry [1], atmospheric chemistry [2], and biochemistry
[3], but remains incompletely understood. Recent experimental and theoretical studies have
unambiguously shown that ions adsorb to the air/water interface, with compelling evidence for
enhanced surface concentrations of larger, more polarizable, weakly solvated anions [4-6].
However, while the mechanism of this selective ion adsorption to the air/water interface has been
shown to correlate strongly with ionic radii and hydration properties, considerable debate remains,
with conflicting interpretations of experimental data and theoretical models [5-9]. In order to more
completely understand the nature of ions at aqueous interfaces, additional experimental probes are
necessary. While several powerful “surface sensitive” spectroscopic techniques are widely used in
this context, probe depths vary, ranging from the outermost few layers (e.g., 2nd-order nonlinear
spectroscopy) to greater than ca. 5 nm (e.g., photoelectron spectroscopy) depending on
experimental conditions. In molecular dynamics simulations, the choices of parameters, initial
conditions, thermodynamic constraints, or simulation sizes can significantly affect the end results
and subsequent interpretations.

To further advance our fundamental understanding of the mechanism of selective ion
adsorption at the air/water interface, measuring and interpreting detailed electronic spectra of
interfacial ions presents a compelling prospect. Toward that end, our group has recently developed
femtosecond broadband deep ultraviolet electronic sum frequency generation (DUV-ESFG)
spectroscopy [10,11] that produces a broad, continuous, interfacial electronic [y?|>-spectrum in a
single measurement. Compared to time-consuming, error-prone pointwise measurements with
resonant deep ultraviolet electronic second harmonic generation (DUV-ESHG) spectroscopy

[4,5,12] that yields incomplete spectra, broadband DUV-ESFG spectroscopy allows a more



quantitative analysis of interfacial electronic [y®|>-spectra. Under the electric dipole
approximation, SFG and SHG primarily sample the interfacial region (ca. 1 nm) where the
inversion symmetry is inherently broken [13-15]. Herein, we employ broadband DUV-ESFG
spectroscopy, MD simulations, and SOS-CIS(Do) calculations to reexamine the z—z* transition
of nitrite (NO2") at the air/water interface and compare the results with those from our previous
DUV-ESHG study [16].

Nitrite is a relatively kosmotropic anion, similar in position to chloride and nitrate in the
anion Hofmeister series: F~ > CI™> NO2” > NOs” > Br > I" > SCN". Since nitrite is a major
component of marine and terrestrial nitrogen cycles, nitrite photochemistry both directly and
indirectly affects the global carbon cycle, marine habitats, and atmosphere, thus making this
system of central interest and importance. In the atmosphere, photolysis of nitrite in seawater can
form highly reactive hydroxyl (-OH) and nitric oxide (-NO) radicals, which can further react with
volatile compounds [17-19]. As a weak kosmotrope, nitrite is not expected to exhibit strong
surface concentration enhancement at the air/water interface. In 2009, Brown et al. used X-ray
photoemission spectroscopy on a liquid jet to measure the depth profile of sodium nitrite and
nitrate at the air/water interface and found both to be depleted relative to bulk concentrations;
however, nitrite and nitrate were still present in the interfacial region (outermost ~2.5-3.0 nm,
determined by photoelectron kinetic energy) [20].

The bulk UV-Vis spectrum of aqueous nitrite (Fig. 1a) exhibits an intense absorption band
(e = 5800 L mol™* cm™) at 210 nm (5.90 eV) assigned to a 7—z* molecular transition [21-23].
Previous studies of the bulk spectrum have suggested that this band may engender transfer of an

electron to the surrounding solvent, i.e., is a charge-transfer-to-solvent (CTTS) band [24,25].



However, the observation of this band in crystalline sodium nitrite and the absence of CTTS-like

solvent dependence in other solvents provide evidence against this CTTS assignment [21-23].
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Figure 1. (@) Bulk UV-Vis absorption spectrum of aqueous sodium nitrite ([NaNO2] = 180 uM).
(b) Broadband interfacial [?]>-spectrum measured by DUV-ESFG spectroscopy ([NaNOz]puik =

3.4 M). Spectra were measured at 293 K.



In 2012, Otten et al. reported pointwise DUV-ESHG spectra of sodium nitrite at the
air/water interface and used a bimolecular Langmuir adsorption model to extract a surprisingly
large and favorable Gibbs free energy of adsorption (AGads = -17.8 kJ mol™), suggesting adsorption
as a Na*-NOy" contact ion pair [16]. The ESHG spectra were measured at three wavelengths (AsHc
=200, 247, and 255 nm) showed strong resonance enhancement only at 247 nm, which led Otten
and co-workers to report a significant red-shift (~0.75 eV) of the interfacial z—=z* transition
relative to bulk that was attributed to contact ion pair formation and solvent effects [16].

In the interest of re-examining the nitrite z—z* transition at the air/water interface, the
ly@[?-spectrum of nitrite was measured with broadband DUV-ESFG spectroscopy between ~230-
260 nm, but no significant resonance enhancement was observed [26]. The vibrational SFG
spectrum of the nitrite solution showed sharp features at 2870 and 2933 cm™, corresponding to the
-CH3s symmetric stretch and its Fermi resonance, indicating the presence of hydrocarbons at the
solution surface [26]. In solution, hydrocarbon impurities partition to the air/water interface and
can contribute large non-resonant and/or resonant signals in SHG and SFG spectra [27]. The strong
resonance enhancement observed exclusively at 247 nm in ESHG spectra by Otten et al. [16] may
have resulted from aromatic structures and/or conjugated m-bond systems of hydrocarbon
contaminants at the surface.

Herein, we report broadband DUV-ESFG spectrum of interfacial nitrite in the ~200-220
nm region. Ultrahigh purity sodium nitrite salt (Aldrich, 99.999% trace metals basis), baked
overnight, was used to reduce effects of hydrocarbon contamination. All glassware was soaked in
NOCHROMIX/sulfuric acid mixture overnight and washed with copious amounts of Milli-Q
ultrapure water (18.2 MQ.cm at 25 °C, TOC = 3 ppb), and solutions were prepared with Milli-Q

ultrapure water immediately before measurements. The broadband DUV-ESFG spectroscopy



setup has been described in detail elsewhere [10,11]. Briefly, a 100-fs UV pulse (w1 = 266 nm)
and a white light continuum pulse (w2 ~ 600-1400 nm) are temporally and spatially overlapped at
the solution surface in reflection geometry, generating coherent sum frequency radiation (w1+w>)
at the phase-matched angle [10,11]. The continuum pulse is generated by focusing the 800 nm
output of a Ti-Sapphire amplifier into a quartz cuvette containing a continuous flow of water. This
process gives rise to a positive temporal chirp of the broadband pulse [28]. Here, the longer
wavelength portion (~800-1400 nm) of the broadband pulse is overlapped with the shorter,
narrowband UV pulse. The raw ESFG spectrum is normalized by the SFG spectrum of a non-
resonant sample (gallium arsenide, MTI Corporation) acquired under the same experimental
conditions to correct for the spectral distortion and temporal chirp of the broadband pulse and the
frequency-dependent efficiencies of the optics and CCD detector. The unnormalized spectra are
shown in Figure S1 of the Supplementary Information. The white light continuum pulse and
multiplex detection effects the measurement of a broadband electronic |*?|?-spectrum in a single
measurement. Under the two-photon on-resonance, one-photon off-resonance condition employed

here, the normalized ESFG intensity (Isrc) can be expressed as
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where y®@ is the 2nd-order nonlinear susceptibility, pon is the transition dipole matrix element and
(aon)2pa 1s the two-photon absorption polarizability tensor element connecting the ground state to
excited state n, I, is the linewidth of the transition, w,, is the transition energy between the ground
state and excited state n, and wsrg is the sum frequency of the input photons [29-31]. By plotting
Isr VS. wsr, the interfacial electronic [y®[*-spectrum is obtained. We note that the obtained [;|?-
spectrum is a power spectrum and that a more rigorous approach would be required to measure

Im(x®) by heterodyne-detected or phase-sensitive ESFG spectroscopy; here, the non-resonant



contribution from the solvent (water) is assumed to be negligibly weak because no SFG signal is
observed from the neat water surface (Figure S1).

The interfacial electronic |y®]>-spectrum (Fig. 1b), measured with broadband DUV-ESFG
spectroscopy appears strikingly similar to the bulk absorption spectrum (Fig. 1a). Thus, we
confirm the presence of nitrite at the air/water interface (outermost ~1 nm); however, we do not
observe the previously reported drastic red-shift in the interfacial z—=z* transition, attributed to
contact ion pairs and solvent effects [16]. In X-ray absorption spectra of bulk sodium nitrite
solutions measured by the Saykally group, no appreciable ion pairing was observed [32]. We note,
however, that the lower dielectric constant at the air/water interface [33,34] will increase the
propensity for ion pair formation. Simulations by Venkateshwaran et al. have shown that ion
pairing near the interface can be enthalpically and entropically favorable for oppositely charged
ions, as it releases some hydrating waters to the bulk and reduces pinning of capillary waves [35].
At the concentrations used for the surface spectroscopy measurements discussed here, solvent
separated, solvent shared, and contact ion pairs are likely to be present in the interfacial region. In
addition, we note that an electric double layer can form in the interfacial region at moderate-to-
high salt concentrations [36], which can induce ordering of water molecules and further alter the
solvation environments at the interface. This induced ordering of water will increase the sampled
“interfacial region” and thus may increase the probe depth of second order nonlinear spectroscopy
techniques (e.g., SHS, SFG) at higher electrolyte concentrations [37].

To confirm the absence of a strong red-shift in the z—z™* transition induced by contact ion
pair formation, MD simulations and electronic structure calculations were performed. Computing
the 7—z* transition energy of nitrite in contact with sodium from electronic structure calculations

requires equilibrium configurations of the non-electronic degrees of freedom, i.e., the atomic



nuclei, as a starting point. Using empirical interaction potentials, we harvested such configurations
from MD simulations of an ion pair in dilute bulk solution (numerical methods are described in

the SI).

In order to identify contact ion pairs, we computed the potential of mean force as a function
of the N-Na distance r, w(r) = —kgT In[P(r)/(4mr?)], where kg is Boltzmann’s constant and

P(r) is the equilibrium probability distribution of the distance r between ions (Fig. 2).
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Figure 2. At low concentrations, the potential of mean force, w(r), as a function of N—Na distance

exhibits a minimum at ~0.3 nm that indicates the formation of contact ion pairs.

11



The potential of mean force encodes the effective Na*™-NOy™ interaction as a function of distance
when the ions’ relative orientations and the solvent’s degrees of freedom are canonically averaged
over all configurations [38]. The minimum in w(r) at r = 0.3 nm corresponds to contact ion pair
configurations; based on these data, we selected configurations within 0.5 kzT of the minimum as
input for the electronic structure calculations. To limit the computational cost of those calculations,
only the water molecules in the first solvation shell of the ions, determined from the respective
radial distribution functions, were taken into account.

SOS-CIS(Do) calculations [39,40] were performed for the Na"™-NO;" contact ion pair and
the isolated NO>™ ion in vacuum and surrounded by its first solvent shell. This is the most extreme
example of the potential effect of solvation and any difference here should be greater than what
would be observed experimentally. SOS-CIS(Do) was chosen because it has N* scaling and it was
well-validated for nitrite against EOM-CCSD [41,42], which is accurate for single-electron
valence excited states within 0.25 eV, while TDDFT [43-47] with various functionals was not.
Calculations were performed in the def2-SVPD basis set [48,49].

In vacuum, the 7—7z* transition of isolated nitrite occurred at 5.71 eV. The 7—7z*
transition of Na*-NOy" contact pair showed some character at 5.37 eV and 5.80 eV in vacuum.
However, when just two water molecules were added to a plane parallel with the contact ion pair,
the energy of the transition stabilized to 5.69 eV, which we believe is closer to an accurate

representation of the interface.
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Figure 3. Representative snapshots and calculated 7— #* transition energies of (a) Na™-NO2

contact ion pair in a solvent shell and (b) isolated NO2™ ion in a solvent shell.
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In order to get reproducible results, the geometry of NO>™ in the solvent shell snapshots
was slightly modified to be consistent with the vacuum geometry and looked at five randomly
selected snapshots for the Na*-NO." contact pair and six for NO>". While all NO2™ snapshots had
one distinct transition energy at which the 7— z* transition was found, the contact pair sometimes
contained multiple transition energies with 7— z* character. To determine the average energy of
the transition, we averaged all states at which 7z— z* character was found. We found the 7— 7*
transition for the solvated Na*™-NO- contact pair to be on average 5.70 eV (Fig 3a), and the 7— 7*
transition for solvated NO>" to be at 5.82 eV (Fig 3b). The differences between these values (0.12
eV), as well as the contrast between in vacuum and in solvation shell, are substantially smaller
than the value reported by Otten et al., which was ~0.75 eV [16].

We have employed broadband DUV-ESFG spectroscopy, MD simulations, and SOS-
CIS(Do) electronic structure calculations to re-examine the z—z* transition of nitrite at the
air/water interface. Our results, which reveal no significant shift in the z—z* transition for the
contact ion pair, revise our previously reported conclusions from pointwise DUV-ESHG spectra
[16] that suggested a large red-shift at the surface and a bimolecular adsorption mechanism via
contact ion pair formation. Although no evidence of a contact ion pair induced red-shift and
strongly favorable bimolecular adsorption mechanism were found herein, our results do not rule
out the presence of a distribution of local solvation environments at the interface, including solvent
separated, solvent shared, contact ion pairs, and small ion clusters, under the experimental

conditions discussed here.
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