
Broadband Deep UV Spectra of Interfacial Aqueous Iodide
Anthony M. Rizzuto,†,‡ Shawn Irgen-Gioro,†,§ Ali Eftekhari-Bafrooei,†,‡,⊥ and Richard J. Saykally*,†,‡

†Department of Chemistry, University of California, Berkeley, California 94720, United States
‡Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States

*S Supporting Information

ABSTRACT: The behavior of ions at aqueous interfaces influences vital processes in
many fields but has long remained a subject of controversy. Over the past decade,
counterintuitive surface concentration enhancement of several ions in aqueous solution
has been demonstrated via nonlinear laser spectroscopy and mass spectrometry. While
the evidence for significant ion enhancement at the air−water interface is convincing, the
mechanism remains incompletely understood. Toward this end, we present the full
broadband DUV-SFG spectrum of the charge-transfer-to-solvent (CTTS) band of
interfacial aqueous iodide measured in a single laser shot with a newly developed
broadband deep UV-SFG technique, clearly revealing a ∼8 nm redshift and a significant
linewidth narrowing relative to bulk solution spectra. KI and NaI solutions yield
indistinguishable results. Additionally, we observe a dramatic change in the relative
intensities of the J = 3/2 and 1/2 CTTS transitions.

Conflicting with time-honored textbook models,1−4 the
counterintuitive concentration enhancement of ions at

the air−water interface predicted by recent theory5−8 has been
convincingly demonstrated for several anions, including
thiocyanate (SCN−), azide (N3

−), and several halides by
surface-sensitive deep ultraviolet second harmonic generation
spectroscopy (DUV-SHG) experiments,9−15 exploiting the very
strong charge-transfer-to-solvent (CTTS) transitions exhibited
by anions in aqueous solution (Figure 1).

More recently, mass spectrometry and ultrafast vibrational
sum frequency generation (VSFG) experiments have corrobo-
rated these findings.17,18 The mechanism responsible for this
concentration enhancement has been shown to involve a
favorable change in enthalpy resulting from the displacement of
weakly interacting waters from the interfacial region and from
the solvation shell of the weakly hydrated ion into the bulk
solution, and hindered entropically by the suppression of

capillary waves at the interface.9 However, a complete
mechanism accounting for counterion effects and surface
electric fields remains to be elaborated.19−21 The DUV-SHG
measurements of surface vs. bulk ion concentrations were
interpreted using simple Langmuir adsorption models to yield
testable thermodynamic properties of the system. However, the
CTTS spectra of the interfacial anions were themselves
incompletely characterized by these pointwise spectroscopic
measurements. Details of such spectra would provide another
testable property of the system and would aid in developing a
more complete mechanism for interfacial ion adsorption.
Rather than the cumbersome and noisy pointwise spectral

measurements employed in the prior work, we have extended
the broadband electronic sum frequency generation (ESFG)
method of Tahara et al.22 into the deep UV in order to more
completely measure the interfacial CTTS spectra of anions;23 a
representation of the experimental setup is shown in Figure S1.
Here we report measurement of the interfacial CTTS spectrum
of aqueous iodide using femtosecond broadband DUV-ESFG
spectroscopy. While both sodium and potassium iodide salts
were studied, they produced essentially identical spectra;
therefore, only potassium iodide results are reported here.
Figure 1 shows the bulk CTTS absorption spectrum of

aqueous KI. Figure 2a shows the raw (unnormalized)
broadband DUV-SFG spectrum of 5 M aqueous potassium
iodide at the air−water interface with the background
subtracted. The background spectrum was obtained by
temporally separating the two fundamental laser beams by 5
ps because such long delays generate no SFG contributions.
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Figure 1. Bulk CTTS absorption spectrum of aqueous iodide. The J =
1/2 peak is centered at 194 nm, while the J = 3/2 peak is centered at
225 nm. Extinction coefficients of the J = 1/2 and 3/2 peaks are 0.284
and 0.252, respectively.16
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The spectral window of the raw spectrum is dependent on the
time delay between the two beams due to the temporal chirp in
the white light continuum. In order to utilize the near-IR
portion of the white light spectrum, the time delay was tuned so
that ω1 arrived at the sample ∼100 fs earlier than the 800 nm
portion (t0) of the supercontinuum. In this way, the measured
spectrum overlaps with both the J = 1/2 and 3/2 iodine atom
fine structure peaks, as shown in Figure 1. Utilizing the near-IR
spectrum requires a sacrifice in energy as white light conversion
is less efficient at longer wavelengths.24 This is compensated by
the high power density of the 266 nm ω1 beam. GaAs was used
as a reference spectrum because it has no electronic resonance
in the wavelength range being used.25 The GaAs SFG reference
spectrum was measured under identical conditions to that of
the aqueous iodide and is shown in Figure 2b. Normalization of
the raw iodide spectrum (Figure 2a) using the GaAs reference
spectrum reveals the true |χ(2)| CTTS spectrum of interfacial
aqueous iodide, shown in Figure 2c.
Despite the relatively short acquisition time (60 s), the |χ(2)|

spectrum of 5 M aqueous potassium iodide at the air−water
interface shown in Figure 2c is of very high quality. For aqueous
iodide, two spectral features are expected, the J = 1/2 and 3/2
peaks,12,14,26,27 but at first glance, it seems that only the J = 3/2
feature is observed. However, scaling the spectrum below 220
nm by 20× clearly reveals the presence of the J = 1/2 feature.
This scaled spectrum, shown in Figure 3, exhibits two distinct
peaks corresponding to both of the fine-structure transitions (J

= 1/2 and 3/2) observed for the bulk solution. These features
comprise the first complete CTTS spectrum observed for an
interfacial ion.
The first salient observation apparent in Figure 3 is the

significant redshift of both peaks; the J = 1/2 peak is redshifted
by 8 nm (0.22 eV), and the J = 3/2 peak by 8 nm (0.17 eV)
relative to the bulk spectrum. Redshifted CTTS transitions at
the interface have been previously reported for several ions and
attributed to the decreased polarity of the interface.14 However,
due to the very limited spectral information obtained from
pointwise DUV-SHG, the absolute shift has never been
confirmed. Some studies have also revealed a blueshift at
higher ionic concentrations and attribute this result to the
sizable electric field generated by the double layer.11,12

However, Bradforth and Jungwirth28 showed that while both
the ground state and excited CTTS state of iodide are stabilized
at the interface, the CTTS state is stabilized 0.16 eV more,
supporting the notion that iodide should exhibit a redshift at
the air−water interface. Our experimental data showing a 0.17
eV redshift of the J = 3/2 state agree well with their
computational results. Our new measurement slightly revises
the previous conclusion of Petersen et al.12 who produced a
pointwise UV-SHG spectrum of several iodide salts at high
concentrations (3−5 M), which ostensibly indicated that the J
= 3/2 state at the air−water interface is unshifted from bulk
(225 nm, ∼5.5 eV). Closer inspection of that UV-SHG
pointwise spectrum shows that no measurements between 225
and 240 nm were taken, meaning that the actual center
wavelength of the peak was never determined. The maximum
intensity of the J = 1/2 peak observed at 201 nm indeed agrees
with the results presented here.
A second defining characteristic of the new spectrum is the

line-narrowing of the peaks. Figure 4a shows the J = 1/2 peak,
which exhibits a FWHM of 15 nm at the air−water interface
compared to 18 nm in bulk solution, a 17% reduction in the
bandwidth. A more drastic difference is found for the J = 3/2
peak (Figure 4b), which exhibits a FWHM of only 7.5 nm at
the air−water interface, compared to 22 nm in bulk solution, a
66% reduction in the bandwidth.
The narrowing of the linewidth is a striking observation. The

peaks fit a Gaussian profile quite well, indicating that
inhomogeneous effects dominate the linewidth. The narrowing
is likely due to the altered solvent environment that the iodide
experiences at the interface. When fit to a Voigt profile, only a

Figure 2. Broadband DUV-SFG spectra of KI. (A) Unnormalized SFG
spectrum of 5 M aqueous iodide solution taken with ssp polarization
and generated by mixing 60 μJ of white light continuum with 3 μJ of
266 nm light. Spectra measured in sps, ppp, and sss polarization
configurations all show nearly identical spectra as that shown. The
sharp intensity drop-off at 235 nm corresponds to where the accessible
SFG wavelengths end due to the lack of white light intensity. (B) The
nonresonant SFG reference spectrum of GaAs with ssp polarization,
generated under identical conditions as those in (A). (C) Broadband
DUV-SFG spectrum of the CTTS transition for 5 M aqueous iodide,
normalized to the intensity profile of the nonresonant GaAs reference
spectrum in (B).

Figure 3. Broadband DUV-SFG spectrum of 5 M aqueous iodide, with
the J = 1/2 feature scaled up by a factor of 20 for easier comparison to
the J = 3/2 feature. A factor of ∼30 increase in the 3/2 to 1/2 intensity
ratio relative to the bulk spectrum is apparent. The J = 1/2 peak
exhibits an 8 nm redshift (center λ = 201 nm) relative to the bulk
spectrum. The J = 3/2 peak exhibits an 8 nm redshift (center λ = 233
nm) relative to the bulk spectrum.
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minor Lorentzian component is observed; therefore, while this
may provide some new insight into altered CTTS dynamics at
the air−water interface, the effect is likely small. If the
narrowing in linewidth is due to homogeneous effects, this
would imply a longer interfacial lifetime relative to the bulk.
Interestingly, previous work by Sheu and Rossky29 addressed an
aqueous halide ion following two-photon excitation via
nonadiabatic quantum molecular dynamics simulations. They
found that the dynamics of the CTTS state at very early times
(<50 fs) were determined by two relaxation channels: a minor
channel involving direct electron detachment to a separated
solvent void and a dominant channel characterized by delayed
adiabatic detachment through excited electronic states of the
ion. They also determined that orbital symmetry plays a key
role in the delayed detachment process, that is, the detachment
does not occur until the electron reaches the lowest excited
state of the CTTS manifold (J = 3/2). The implication is that
the J = 1/2 state has a much shorter lifetime than the J = 3/2
state, which agrees with our present result of a broader J = 1/2
peak. Also, Moskun et al.26 previously used ultrafast pump−
broadband probe spectroscopy to study the photodetachment
dynamics of aqueous iodide. They reported the absence of a
signature I (2P1/2) feature following 200 nm photodetachment
of I−(aq) and suggested that this could indicate a very fast
electronic relaxation (sub 300 fs) of the excited CTTS state.
The results reported here favor that hypothesis as a much faster
electronic relaxation from the second CTTS state (J = 1/2)
would be manifested as a significant broadening of that peak,
relative to the first CTTS band (J = 3/2), which is qualitatively
what we observe.
The drastic change in the relative intensity of the J = 3/2 and

1/2 features apparent between the interfacial and bulk CTTS
spectra probably involves these factors. In bulk solution, the
extinction coefficients are roughly equal,16 as reflected in Figure
1, whereas in the interfacial spectrum, the J = 3/2 peak is ∼30×
more intense than the J = 1/2 peak. The differing intensity
ratios may be largely attributed to resonant enhancement
effects. Because of the large redshift in the interfacial SFG

spectrum, the J = 3/2 transition is actually doubly resonant, that
is, the 266 nm beam is resonant with the far wing of the J = 3/2
absorption line, and the sum of the white light frequency and
the 266 nm light is broadly resonant with the peak center at
233 nm. In contrast, the 266 nm photons have essentially zero
resonant overlap with the J = 1/2 transition at 201 nm;
therefore, only the broadband sum frequency light is resonant.
While this would appear to generate a negligible contribution to
the SFG intensity, the high power density of the ω1 pulse,
∼1013 photons/pulse at 266 nm, may compensate for the very
low extinction coefficient value in the far tail of the J = 3/2
transition. It is also possible that the J = 3/2 CTTS state has a
significantly increased Franck−Condon overlap with the
ground state, which would result in an enhancement in the
peak intensity; finally, we note that large differences in the
relaxation times of the final CTTS states in bulk solutions have
been postulated.28 Further theoretical modeling is required to
address these complex issues.
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