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ABSTRACT: Liquid phase charge-transfer-to-solvent (CTTS) transitions are important, as
they serve as photochemical routes to solvated electrons. In this work, broadband deep-
ultraviolet electronic sum frequency generation (DUV-ESFG) and two-photon absorption
(2PA) spectroscopic techniques were used to assign and compare the nature of the aqueous
iodide CTTS excitations at the air/water interface and in bulk solution. In the one-photon
absorption (1PA) spectrum, excitation to the 6s Rydberg-like orbital (5p → 6s) gives rise to a
pair of spin−orbit split iodine states, 2P3/2 and

2P1/2. In the 2PA spectra, the lower-energy 2P3/2
peak is absent and the observed 2PA peak, which is ∼0.14 eV blue-shifted relative to the upper
2P1/2 CTTS peak seen in 1PA, arises from 5p → 6p electronic promotion. The band observed
in the ESFG spectrum is attributed to mixing of excited states involving 5p → 6p and 5p → 6s
promotions caused by both vibronic coupling and the external electric field generated by
asymmetric interfacial solvation.

In investigating the behavior of halides, pseudohalides, and
biologically relevant anions in aqueous systems, many

studies1−7 have focused on charge-transfer-to-solvent (CTTS)
transitions, the precursors of solvated electrons. CTTS states
are short-lived excited states that comprise a neutral parent
atom and an excited electron in a dipole-bound state supported
by the surrounding solvent network. Because the initial and
final states are defined by the parent ion and the surrounding
solvent, CTTS spectra are highly sensitive to the environment,
e.g., solvation, temperature, pressure, and electrolytes.1,5,8,9

Excitation to a CTTS state can lead to the formation of
solvated electrons with a high quantum yield;10,11 the high
sensitivity to the local environment and large extinction
coefficients of CTTS transitions make them excellent probes of
anion solvation dynamics in complex systems.
Iodide has served as a prototype of local solvation structure

due to its favorable spectroscopic properties. The lowest-
energy CTTS bands of iodide in the deep ultraviolet (UV)
(∼190−260 nm) are easily accessible experimentally, as
compared to those of lighter halides that exhibit CTTS
bands at higher energies. Furthermore, iodide is a spherical,
monatomic anion with only electronic degrees of freedom, thus
making theoretical calculations and modeling more straightfor-
ward than for polyatomic ions, which become further
complicated by the presence of overlapping intramolecular
valence excitations and orientational effects. At room temper-
ature, the bulk one-photon absorption (1PA) spectrum of the
aqueous iodide CTTS band exhibits well-resolved doublet
components at 226 nm (5.5 eV) and 193 nm (6.4 eV) with
similar intensities (Figure 1a).12 Because the doublet splitting

roughly matches the energy difference (0.9 eV) between the
ground state (2P3/2) and spin-orbit excited state (2P1/2) of the
neutral iodine atom, they are commonly termed the J = 3/2 and
J = 1/2 bands, respectively. Previously, the 1PA spectrum has
been fit with sets of overlapping log-normal bands derived
from spectra in various solvents and conditions, suggesting that
the iodide CTTS spectrum consists of several additional
overlapping transitions at higher energies,13−15 as shown in
Figure S1. The higher-energy bands have not yet been assigned
definitively but are thought to arise from higher-lying CTTS
excited states.13,14 In this work, we focus on elucidating the
nature of the transitions that make up these CTTS bands.
Resonant one-photon excitation into the lower-energy J =

3/2 CTTS band detaches an electron on a 200 fs time scale,
which, in turn, relaxes in ∼800 fs,16,17 consistent with
theoretical results of Sheu and Rossky.18,19 Upon resonant
one-photon excitation into the higher-lying CTTS state (J =
1/2), an additional autodetachment channel for hydrated
electron formation is proposed,20 which is characterized by
an ejection length that is different from that of the lower J = 3/2
pathway.21,22 Phase-sensitive transient second harmonic
generation spectroscopy measurements by Verlet and co-
workers reveal that the lowest CTTS state of aqueous iodide at
the air/water interface is asymmetrically solvated in the plane
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of the surface and that the electron solvation dynamics at the
interface are very similar to those observed in the bulk,
although slightly faster.23,24 The asymmetry of the lowest
CTTS wave function is also predicted by Bradforth and
Jungwirth,21 arising from the thermal fluctuation of the local
solvation environment. Their calculation suggests that the
lowest CTTS states comprise a mixture of valence s (∼30%),
diffuse s (∼50%), and p (∼17%) type orbitals. This result
contrasts with the calculation by Sheu and Rossky that
predicted ∼45−80% d orbital character in the lowest CTTS
states.25 This discrepancy most likely arises from the one-
electron model used by Sheu and Rossky that did not include
all of the valence shell electrons of iodide,25 resulting in
artificial lowering of the virtual d orbitals. The Configuration
Interaction Singles (CIS) calculation by Bradforth and
Jungwirth21 in fact predicted promotions involving orbitals
with considerable d character are situated much higher in
energy, as compared to the lowest CTTS states. Although the
lowest-energy CTTS transition has been studied extensively
using linear absorption spectroscopy, very little is known about
the character of the higher-lying CTTS states of aqueous
iodide because of their overlapping nature and the onset of the
lowest-lying water electronic absorption (∼6.4 eV). The latter
increasingly interferes with the shorter wavelength region of

the 1PA spectra.9 Herein, we present aqueous iodide CTTS
spectra measured with interface-sensitive femtosecond broad-
band deep-UV electronic sum frequency generation (DUV-
ESFG) spectroscopy and bulk-sensitive two-photon absorption
(2PA) spectroscopy and discuss the salient selection rules and
symmetry arguments within a Rydberg transition model to
provide insight into the aqueous iodide CTTS spectrum,
specifically in the region of overlapping transitions. Moreover,
the interference from water electronic absorption is avoided by
virtue of using nonlinear processes to access the halide
electronic absorption. None of the input photon energies
overlaps with the onset of water electronic absorption, and as
shown previously,26 the 2PA threshold for bulk water
absorption lies even higher in energy (∼7.8 eV), indicating
that water is two-photon transparent in the energy region
explored in this work.
Second-order nonlinear optical spectroscopy, which includes

second harmonic generation (SHG) and sum frequency
generation (SFG), has often been used to study interfaces
due to its inherent surface specificity. Under the electric dipole
approximation, the second-order nonlinear susceptibility [χ(2)]
vanishes in centrosymmetric media, and SHG and SFG
spectroscopies are surface-sensitive probes of the air/water
interface with a probe depth of ∼1 nm, corresponding to a few
outermost monolayers.27−29 In both cases, the measured
output signal can be resonantly enhanced when the frequency
of either or both input photons and/or the sum frequency
photon matches a dipole-allowed transition in the molecule,
atom, or ion at the interface. The selection rules for electronic
SFG and SHG spectroscopy wherein the transition is resonant
exclusively at the sum frequency require the transition to be
simultaneously active in both 1PA and 2PA (eq 1).30,31
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where χ(2) is the second-order nonlinear susceptibility, μ0n is
the 1PA transition dipole matrix element, (α0n)2PA is the 2PA
polarizability tensor element connecting the ground state to
excited state n, ΓCTTS is the line width of the CTTS transition,
ωCTTS is the transition energy between the ground state and
CTTS excited state, and ω1 and ω2 are the frequencies of the
input radiations.
Pointwise interfacial |χ(2)|2 spectra of iodide were measured

with resonant deep-UV electronic SHG spectroscopy devel-
oped by the Saykally group in the 2000s.32 By fitting to a
Langmuir adsorption model, Petersen et al. obtained Gibbs
free energies of adsorption (ΔGads) for iodide at the air/water
interface of −6.1 ± 0.2 and −6.3 ± 0.2 kcal/mol for NaI and
KI salts, respectively.33 However, noisy, time-consuming, and
error-prone pointwise ESHG spectra present a challenge for
quantitative analysis of spectral shapes and shifts.
To measure broadband electronic spectra at the air/water

interface, femtosecond broadband DUV-ESFG spectroscopy
was recently developed by the Saykally group.34,35 The detailed
experimental scheme is described elsewhere.34,35 Briefly, a
narrowband, 100 fs tunable UV pulse (ω1) is spatially and
temporally overlapped with a white light continuum pulse
(WLC, ω2) at the solution surface, generating coherent sum
frequency (ω1 + ω2) photons at the phase-matched angle in
reflection geometry. The continuum pulse enables the
acquisition of a broadband spectrum in a single measurement
without having to tune the input frequencies. We previously

Figure 1. Charge-transfer-to-solvent spectra of aqueous iodide. (a)
1PA spectrum of potassium iodide in water at 298 K. The literature
deconvolution of the overall absorption spectrum into individual
CTTS bands is shown in Figure S1. The vertical dashed lines
correspond to the 1PA peak positions for the two lowest CTTS
transitions at 298 K and 1 atm for aqueous NaI. (b) Normalized
ESFG spectra of aqueous NaI for two different pump wavelengths (ω1
= 266 and 295 nm; ω2 ≈ 600−1400 nm; [NaI]bulk = 5 M) measured
at 293 K. For the 266 nm pump, the ESFG intensity is truncated in
the lower-energy region. (c) 2PA spectra of aqueous NaI for two
different pump wavelengths (ω1 = 266 and 400 nm; ω2 ≈ 310−700
nm; [NaI]bulk = 700 mM) measured at 293 K. The sharp features in
the 400 nm spectra are due to the instantaneous Raman signals from
water.
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reported the CTTS spectrum of iodide ([NaI]bulk = 5 M) at
the air/water interface measured by this broadband DUV-
ESFG approach with an ω1 of 266 nm and an ω2 of ≈600−
1400 nm. The interfacial |χ(2)|2 spectrum (Figure 1b, red)
appeared to reveal a small red-shift of the CTTS doublet, a
slight narrowing of the line widths, and a large relative intensity
difference between the upper (J = 1/2) and lower (J = 3/2)
CTTS bands compared to the bulk 1PA spectrum.34 To clearly
show the J = 1/2 CTTS transition, the 266 nm ESFG spectrum
is truncated in the region of the intense band at a lower energy
(J = 3/2). In the work presented here, we supplement this |χ(2)|2

spectrum with data measured with an ω1 of 295 nm.
The interfacial |χ(2)|2 spectrum (ω1 = 295 nm, and ω2 ≈

600−1400 nm) exhibits no significant resonance enhancement
for the lower (J = 3/2) CTTS band under the strictly two-
photon resonance condition (Figure 1b, blue). We attribute
the large relative intensity difference observed in the previously
reported spectrum (ω1 = 266 nm) to a double resonance effect
of the J = 3/2 band, wherein the narrowband 266 nm pulse is
also one-photon resonant with the tail of the lower-energy J =
3/2 band, leading to an additional resonance enhancement term
in the denominator (eq 2).30,31
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This is consistent with the fact that aqueous iodide has been
used as a precursor of solvated electrons by employing a 266
nm laser to excite the lower-energy CTTS band.36,37 The fact
that the J = 3/2 CTTS band of iodide has no ESFG intensity
under the strictly two-photon resonant condition (ω1 = 295
nm) suggests that the transition must be two-photon inactive.
To verify this hypothesis, broadband 2PA spectra of a 700

mM bulk aqueous NaI solution were measured, as shown in
Figure 1c. Interestingly, continuous two-photon absorption
spectra have not been reported before for any aqueous alkali
halide salt. Two different pump wavelengths (266 and 400 nm)
along with the visible portion of the white light continuum
(310−700 nm) were used to cover the spectral range of the
iodide CTTS doublet. Both pump and probe beams were
overlapped spatially and temporally on a wire-guided gravity
jet.38 The differential absorbance (Apump‑on − Apump‑off) of the
broadband continuum probe was recorded with and without
the pump pulse using a 256-channel silicon photodiode array.
The detailed experimental design employed is described
elsewhere.26,39 Although the 1PA spectrum shows similar
intensities for the J = 3/2 and J = 1/2 bands, the former is
absent in the 2PA spectrum, consistent with the broadband
ESFG surface spectra presented above. The nature of the
orbital excitations resulting in the CTTS transitions in aqueous
iodide and the reasons for the absence of the lowest CTTS
band in 2PA will be discussed below.
Several studies dating back to a classic paper by Franck and

Scheibe40 suggest that the promoted electron in the vertical
excited state of aqueous iodide is spatially extended over the
solvent shell but still centered on the parent iodine atom.41,42

Hence, in the simple Rydberg transition model,43 the excited
electronic configuration is [Kr]4d105s25p56s1, which gives rise
to four excited states (3P2,

3P1,
3P0, and

1P1) in the Russell-
Saunders (R-S) coupling limit (Figure 2). However, for a
heavy atom like iodine, the significance of the R-S term

symbols is obscured because the orbital angular momentum
(L) and spin angular momentum (S) are no longer good
quantum numbers. Instead, the jj coupling language is more
relevant and the total angular momentum (J = L + S) should
be used to more accurately describe the atomic energy levels.44

In the jj coupling limit, the selection rule for 1PA requires
ΔJ = 0, ±1 with the restriction that the transition between the
J = 0 and J = 0 states not be allowed, and for 2PA, ΔJ = 0, ±1,
±2 holds. From the J = 0 ground state of the iodide anion, 1PA
transitions to both upper and lower spin-orbit split
components are allowed (Figure 2b, red arrows).44 The
selection rules further dictate that both of these transitions
would also be allowed in 2PA, which fails to explain our
experimental findings. However, it is also important to
consider the parity of the states involved in the electronic
transitions. We resort to the spectroscopic database compiled
by Moore,45 wherein the excited state energies and their
corresponding term symbol notations for xenon are tabulated
(Table 1). Because I− is isoelectronic with Xe, the energy
ordering of the excited states and the corresponding term

Figure 2. Energy levels of xenon (isoelectronic with I−) and
transitions from ground to excited states.47 Two different coupling
schemes are shown: (a) R−S coupling and (b) J−J coupling. The
Paschen notations, as shown in Table 1, are used to designate the
energy levels. The red and blue arrows are used to show the 1PA and
2PA excitations, respectively. (c) Close-ups of the 1PA and 2PA
spectra of aqueous iodide in the region of the higher-energy CTTS
transition clearly showing the shift in the peak position. The 1PA
spectrum is reproduced from ref 9 measured at 298 K and 250 bar.

Table 1. Electronic Excited States of Xenon as Adapted
from the Database Compiled by Moore45

Paschen notation configuration designation J energy (eV)

p0 5p6 5p6 1S 0 0.00

1s5 5p5(2P°3/2)6s 6s [3/2]° 2 8.32
1s4 1 8.44
1s3 5p5(2P°1/2)6s 6s′ [1/2]° 0 9.45
1s2 1 9.57
2p10 5p5(2P°3/2)6p 6p [1/2] 1 9.58
2p9 5p5(2P°3/2)6p 6p [5/2] 2 9.69
2p8 5p5(2P°3/2)6p 6p 3 9.72
2p7 5p5(2P°3/2)6p 6p [3/2] 1 9.79
2p6 5p5(2P°3/2)6p 6p 2 9.82
2p5 5p5(2P°3/2)6p 6p [1/2] 0 9.93
2p4 5p5(2P°1/2)6p 6p′ [3/2] 1 10.96
2p3 5p5(2P°1/2)6p 6p′ 2 11.05
2p2 5p5(2P°1/2)6p 6p′ [1/2] 1 11.07
2p1 5p5(2P°1/2)6p 6p′ 0 11.14
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symbols are similar in both cases. The ground state of xenon is
of even parity. The overall parities of the excited states
corresponding to 5p5(2P3/2)6s (6s[3/2]°2,1) and 5p5(2P1/2)6s
(6s′[1/2]°0,1) electronic configurations are odd, which dictates
that both transitions should be 1PA allowed and 2PA inactive
[the superscript (°) indicates the overall odd parity of the
excited state wave function (Table 1)]. The presence of the 1S0
→ 5p5(2P3/2)6s transition in the three-photon excitation of
xenon further supports this parity argument, as 1PA and 3PA
excitations follow similar selection rules.46 This means that the
transition to the 5p5(2P3/2)6s (6s[3/2]°2,1) or 5p5(2P1/2)6s
(6s′[1/2]°0,1) state is not responsible for the band centered at
∼6.5 eV in the 2PA spectrum of aqueous iodide. However,
excited states corresponding to the 5p5(2P3/2)6p electronic
configurations are of even parity, and hence, transitions to
these states (particularly the J = 2 and J = 0 subcomponents)
from the ground state are 2PA parity allowed. Moore’s
compilation further suggests that 5p5(2P3/2)6p levels start
∼100 cm−1 above the transition to 5p5(2P1/2)6s (Table 1

45 and
Figure 247). On the basis of the excited state energies of xenon,
we expect the lowest-energy two-photon allowed transition
[1S0 → 5p5(2P3/2)6p] to be centered ∼0.12−0.25 eV above the
upper CTTS transition in 1PA originating from the 1S0 →
5p5(2P1/2)6s excitation. This is consistent with our measured
2PA spectrum, which peaks ∼0.14 eV higher in energy, as
compared to the upper component of the 1PA spectra,9 shown
in Figure 2c. It is worth pointing out that the literature 1PA
spectrum of aqueous potassium iodide used for this
comparison is measured at a high pressure (250 bar).
Changing the pressure from 250 to 1 bar has only a small
effect on the iodide 1PA transition energies (∼20 meV red-
shift),48 and the peak positions for the CTTS transitions are
the same for aqueous sodium and potassium iodide.49 The
2PA bandwidth also appears to be different from that of the
two 1PA transitions, implying different excited state character.
The combined evidence thus suggests that the lowest-energy
band in the 2PA spectrum of aqueous iodide is due to the 1S0
→ 5p5(2P3/2)6p transition and is unrelated to either peak
observed in the 1PA spectrum. Our assignment of the 1PA and
2PA transitions in aqueous iodide is consistent with the
calculated cross sections for multiphoton ionization of the
isoelectronic xenon atom in the jl coupling limit.50

In ESFG spectra, under the two-photon (ω1 + ω2) resonant
one-photon off-resonant condition (Figure 1b; ω1 = 295 nm,
blue), the intensity is proportional to the product of the 1PA
and 2PA absorption cross sections at ωSFG (eq 1).30,31 It has
been established above that for bulk iodide, both 1S0 →
5p5(2P1/2)6s and 1S0 → 5p5(2P3/2)6s transitions are 1PA
allowed and 2PA forbidden, respectively, and the 1S0 →
5p5(2P3/2)6p transition is only 2PA allowed; i.e., no electronic
transition is simultaneously 1PA and 2PA active. Thus, no
ESFG intensity should be observed for iodide unless the
symmetry is perturbed at the interface.
There is an instantaneous asymmetry to the local solvation

environment in bulk,21 but upon moving to the interface,
iodide is expected to lose approximately one or two water
molecules from its first solvation shell and thus experiences far
greater asymmetry.23,51−53 In addition, at the high salt
concentrations used in the ESFG experiments ([NaI]bulk = 5
M), solvent-shared and contact ion pairs, solvent orientational
effects, and electric double-layer formation are expected.54−56

The external electric field experienced by the iodide ion at the
interface strongly perturbs the symmetry and relaxes the 1PA

and 2PA parity selection rules established for bulk aqueous
iodide.
When strictly resonant at only the sum frequency wave-

length, ESFG intensity is observed at the interface only for the
upper energy band (Figure 1b, blue). Here, the external
electric field effects at the air/water interface are predicted to
be more strongly affecting the upper excited states with p-like
symmetry than the lower s-like excited states, allowing
sufficient mixing of the 1PA and 2PA allowed transitions in
the higher-energy band, and resulting in an ESFG-allowed
transition. In addition, solute-solvent vibronic coupling may
also enhance mixing between excited states that are energeti-
cally near-degenerate. A molecular dynamics simulation of the
water molecules in the first solvation shell of the iodide ion
predicts fast relaxation dynamics (∼100 fs) corresponding to
the intermolecular vibrations of the ion-water hydrogen
bonds.57 Such vibronic interactions occur within the time
scale of our ultrafast laser pulse durations and potentially
contribute to the perturbation of the symmetry of the excited
states.
We, to the best of our knowledge, are the first to report the

broadband 2PA spectra of aqueous iodide and to combine
ESFG with 2PA spectroscopy, where the bulk-sensitive 2PA
spectra provide crucial information that aids in the
interpretation of the surface-sensitive ESFG spectra. By
analyzing the subtle difference in band positions in the 1PA
and 2PA spectra, and considering the selection rules for these
two complementary spectroscopic techniques, we show that
both the 1S0 → 5p5(2P3/2)6s and the 1S0 → 5p5(2P1/2)6s
transitions of bulk aqueous iodide that are allowed in 1PA are
inactive in the 2PA counterpart. The 2PA band is assigned to
the 1S0 → 5p5(2P3/2)6p transition. It is quite unprecedented
that the electronic spectra measured in a highly condensed
environment can be accurately explained using the atomic
selection rule for an isolated molecule, signifying that the
symmetry of the lower-lying excited orbitals of “s” and “p”
character are not perturbed to a great extent in the bulk liquid
phase. The observed signal in the DUV-ESFG spectra must
originate from symmetry breaking and solute-solvent vibronic
coupling effects at the air/water interface. Further experiments
and associated theoretical modeling will be necessary to extract
additional details regarding these complex transitions observed
in 1PA, 2PA, and ESFG spectra.
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